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I.  INTRODUCTION 

There  has  been  increasing  interest  in  recent  years  in  the  possibility 

of  using  inductive  energy  storage  devices  as  a  means  of  storing  and 

transferring  energy  in  numerous  repetitive,  pulsed  power  applications. 

The  major  advantages  to  be  realized  using  this  technology  are  that  the 

2  3 

intrinsic  energy  density  of  these  devices  is  of  the  order  of  10  to  10 
times  those  for  capacitive  systems^  and  that  this  energy  can  be  trans¬ 
ferred  to  the  load  on  the  very  short  time  scale  of  a  few  nanoseconds. 

The  major  technological  problem  to  be  faced  when  using  this  type  of 
energy  storage  system  is  in  the  design  of  a  repetitive  opening  switch. 

A  leading  contender  for  this  switching  concept  is  an  externally  sustained 
diffuse  gas  discharge  operating  at  gas  pressures  of  one  to  several 
atmospheres.  Two  possible  electron  sources  have  been  proposed  for  the 

external  control  of  the  discharge  current.  They  operate  by  means  of  gas 
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ionization  by  pulsed  electron  beams  (e-beams)  or  by  resonant  ionization 

3 

processes  of  the  gaseous  medium  using  a  pulsed  high  power  laser.  A 
number  oh  operating  parameters  may  be  defined  for  these  types  of  switches, 
which  are  common  to  both  switching  concepts.  These  parameters  can  then 
form  a  basis  for  tailoring  specific  gases  and  gas  mixtures  to  optimize 
these  operating  conditions  as  nearly  as  possible. 

The  operating  principle  of  the  diffuse  switch  in  the  energy  storage 
cycle  is  given  in  Fig.  1  (Ref.  1).  In  the  conducting  stage,  the  switch 
S_  is  open,  and  the  switch  S..  is  conducting  by  means  of  a  diffuse  discharge. 


which  is  sustained  by  ionization  of  the  gas  mixture  using  either  an 
e-beam  or  a  laser.  In  the  opening  stage,  the  external  ionization  source 
is  removed,  thus  opening  S^,  and  the  switch  S£  is  closed  to  allow  the 
energy  stored  in  the  inductor,  Lg,  to  be  transferred  to  the  load,  Z^. 

It  is  known,  however,  that  in  an  inductive  system  where  one  attempts  to 
rapidly  open  the  conducting  switch,  a  very  large  voltage  is  induced 
across  the  switch  due  to  the  term  =  -L  di/dt  (L  is  the  inductance  of 
L  in  Fig.  1,  and  i  is  the  current).  This  induced  voltage  tends  to 
maintain  a  conducting  arc  between  the  electrodes  of  the  switch  and  to 
quote  Kristiansen  et  al.,*  "How  to  interrupt  the  conduction  process 
against  a  high-driving  voltage  is  the  essence  of  an  opening  switch." 


ORNL-DWG  82-14374 


Fig.  1.  Inductive  energy  discharge  circuit  (from  Ref.  1). 
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The  circuit  equation  governing  the  electron  number  density,  n  ,  in 
the  diffuse  discharge  switch,  S^,  which  is  driven  by  an  external  electron 
beam  flux,  J  at  a  given  E/N,  is 


<de/dx>  J. W 
b 


k  n  N  ■  kD  n  n, 
a  e  a  e 


(1) 


where  <dc/dx>  is  the  mean  energy  loss  in  the  direction  of  the  beam,  W  is 

4 

the  average  energy  required  to  produce  an  ion  pair,  k  is  the  electron 
attachment  rate  constant,  N  is  the  attaching  gas  number  density,  kD  is 

3 

the  two-body  recombination  rate  constant,  and  n+  is  the  positive  ion 
number  density.  A  similar  expression  may  be  written  when  the  current  in 
the  switch  is  sustained  by  resonance  (laser)  photoionization  of  the  gas 
mixtures.  The  current  density  in  the  switch  J§  is  given  by  Ohm's  law, 
i.e.  , 

Jg  =  ene  w  ,  (2) 

where  w  is  the  electron  drift  velocity. 

In  the  conducting  stage,  the  electron  current  density  in  the  switch 

must  be  as  large  as  possible  for  a  given  e-beam  current.  In  order  for 

the  switch  to  be  as  effective  as  possible,  the  electron  loss  terms  in 

Eq.  (1)  must  be  minimized.  Along  with  the  minimization  of  the  electron 

attachment  rate  constant  k  ,  the  electron  ionization  rate  constant  k. 

a  i 

2 

resulting  from  the  applied  electric  field  must  be  small,  otherwise  the 
switch  opening  time  will  be  increased  considerably.  This  source  of 
ionization  can  be  ignored  provided  that  k.  <<  k  during  the  conducting 
and  opening  stages  of  the  switch. 

Conversely,  the  electron  gain  term  <do/dx>  J^W  *  must  be  maximized 
so  as  to  enhance  the  current  gain  in  the  discharge  by  minimizing  the 


nonionizing  inelastic  processes  in  the  gas  constituents,  while  attempting 

to  maximize  their  ionization  cross  sections.  To  maximize  the  efficiency 

of  ion  pair  production,  and  hence  the  current  in  the  switch,  W  must  be 

minimized  for  a  given  gas  mixture.  A  further  criterion  for  enhancing 

the  switch  current,  Js,  from  Eq.  (2)  is  to  maximize  the  electron  drift 

velocity  (or  mobility)  at  the  given  electric  field  strength  during  the 

conduction  stage.  The  desirable  characteristics  of  the  gaseous  medium 

during  the  conduction  stage  may  thus  be  summarized  as  follows:  (1)  maximum 

electron  drift  velocity,  w;  (2)  minimum  e-beam  ionization  energy,  W; 

(3)  minimum  electron  loss  terms  k  and  kD  ;  and  (4)  k.  <<  k  . 

3  1  3 

In  the  opening  stage,  the  voltage  across  the  switch  increases 

rapidly  due  to  the  induced  voltage  across  the  inductor,  causing  an 

accompanying  increase  in  E/N  across  the  discharge  gap.  This  basic 

difference  between  the  conducting  stage,  where  the  applied  conduction 

-17  2  3 

voltage  is  comparatively  small  (E/N  -  3  x  10  V  cm  ) ,  and  the  opening 

stage,  where  the  E/N  across  the  gap  may  increase  to  values  of  >120  x 

-17  2  .... 

10  V  cm  ,  is  the  key  to  tailoring  gas  mixtures  with  the  desired 

operating  characteristics. 

In  the  opening  stage,  the  external  electron  source  is  ceased,  and 

the  largest  rate  of  decrease  in  the  current  of  switch  occurs  when  kg 

is  as  large  as  possible.  Similarly,  the  response  time  of  the  switch  is 

improved  from  Eq.  (2)  by  choosing  a  gas  mixture  in  which  the  electron 

drift  velocity  decreases  when  the  E/N  across  the  discharge  gap  increases. 

The  gas  mixture  must  also  be  able  to  withstand  a  high  breakdown  field 
-17  2 

(>120  x  10  V  cm  )  for  successful  operation  of  the  switch  at  very 


short  opening  times. 


A  further  desirable  characteristic  of  the  gas  mixture  which  becomes 

important  when  it  is  proposed  to  operate  the  switch  at  high  repetition 

frequencies  and  a  closed  gas  system  is  that  the  gas  mixture  be  "self-healing 

That  is,  the  composition  of  the  gas  mixture  is  unaffected  by  the  repetitive 
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operation  of  the  switch.  This  character!- stic  is  unobtainable  when 
using  a  gas  which  attaches  electrons  di ssociati vely  to  form  negative  ion 
and  neutral  fragments.  Repetitive  operation  of  the  switch  will  eventually 
alter  the  composition  of  the  gas,  and  a  possible  degradation  in  performance 
will  result  unless  one  employs  a  flowing  rather  than  a  closed  gas  system. 

It  is  desirable  in  these  circumstances  that  electron  attachment  proceeds 
via  stabi 1 i zation  of  the  parent  negative  ion.  This  attachment  mechanism 
does  not  lead  to  molecular  fragmentation  and  thus  increases  the  operating 
life  of  the  gas  mixture  in  the  switch. 

The  desirable  characteristics  of  the  gaseous  medium  during  the 
opening  stage  may  now  be  summarized: 

1.  Minimum  electron  mobility,  p; 

2.  Maximum  electron  attachment  rate,  k  ; 

3.  High  breakdown  strength  (E/N£.  >  120  x  10  17  V  cm2); 

4.  Self-healing  gas  mixtures  for  static  gas-filled  switches. 

The  desirable  characteri sties  of  the  gas  mixture  in  terms  of  the  electron 
drift  velocity  w(E/N)  and  k  (E/N)  are  shown  in  Fig.  2.  The  drift  velocity 
must  be  large  at  the  E/N  values  indicated  by  the  shaded  region  character¬ 
istic  of  the  conduction  stage,  and  k  must  be  as  small  as  possible  in 
this  E/N  range.  In  the  opening  stage,  w  must  be  as  small  as  possible 
and  k  as  high  as  possible  at  the  E/N  values  (indicated  by  the  shaded 
region  in  Fig.  2)  characteristic  of  this  stage. 


ELECTRON  DRIFT/ATTACHMENT 
CHARACTERISTICS  DESIRED  IN 
DIFFUSE-DISCHARGE  SWITCHES 


ATTACHMENT 

RATE 

CONSTANT 

(k.) 


Fig.  2.  Schematic  illustration  of  the  desirable  characteristics  of 
the  w(E/N)  and  k  (E/N)  functions  of  the  gaseous  medium  in  an  externally 
(e-beam-sustai ne§)  diffuse  discharge  switch.  Indicated  in  the  figure 
are  rough  estimates  of  the  E/N  values  for  the  conducting  and  opening 
stages  of  the  switch. 


II.  TECHNIQUES 

We  have  used  experimental  techniques  that  have  been  developed  in 
this  laboratory  during  the  past  10  years  or  so  to  identify  gases  and  gas 
mixtures  which  have  the  desirable  characteristics  outlined  in  Section  I 
when  used  in  diffuse  discharge  opening  switches.  These  measurements 
have  allowed  us  to  tailor  gas  mixtures  which  can  optimize  the  character¬ 
istics  required  in  a  given  switching  configuration. 

Measurements  of  w  in  pure  gases  and  gas  mixtures  have  been  made  in 

5  6  7 

the  apparatus  described  by  Chri stophorou  et  al.  ’  ’  This  apparatus  has 


E/N  (10-”  V-crn*) 


been  used  to  measure  w  in  gas  mixtures  for  use  in  high  speed  proportional 


counters  and  to  study  the  density  dependence  of  w  in  dense  polar  gases. 
Electron  attachment  rate  constant,  k  ,  measurements  were  obtained  as  a 

O 

function  of  mean  electron  energy,  <e>,  in  a  high  pressure  electron 

4  8 

attachment  apparatus  which  has  been  described  previously.  ’  This 

apparatus  has  been  used  to  screen  highly  electron  attaching  gases  for 

possible  use  as  gaseous  dielectrics  in  high  voltage  transmission  equip- 
9 

ment.  These  measurements  have  enabled  us  to  identify  several  gases 

with  desirable  electron  attaching  properties  for  use  in  diffuse  discharge 

•*.  ^  10-13 

opening  switches. 

We  have  designed  and  built  a  new  experiment  during  the  past  financial 
year  to  measure  the  W  values  [Eq.  (1)]  of  selected  gases  and  gas  mixtures 
which  have  been  identified  as  possessing  the  desirable  electron  drift 
velocity  and  attachment  characteristics  described  above. ^  ^  The 
information  is  not  only  useful  in  modeling  the  electron  conduction 
characteristics  in  these  switching  mixtures  but  also  can  be  used  to 
optimize  the  electron  production  efficiency  by  the  electron  beam  by 
adding  small  percentages  of  an  appropriate  impurity  to  the  gas  mixture. 

The  experimental  technique  is  outlined  in  Appendix  A,  and  the  measurements 
are  given  in  Section  III.B. 

III.  TECHNICAL  PROGRESS 

The  measurements  that  have  been  performed  during  this  reporting 
period  have  allowed  us  to  continue  our  studies  on  identifying  attaching 
gas/buffer  gas  mixtures  which  have  very  desirable  electron  attaching  and 
drift  velocity  characteristics  for  possible  use  in  diffuse  discharge 
opening  switches.  Our  measurements  of  the  electron  attachment  rate 
constants  and  negative  ion  production  cross  sections  for  several 
electronegative  gases  with  the  desirable  electron  attaching  properties 
have  now  been  published. 


1.  An  apparatus  has  been  designed  and  constructed  to  enable  us  to 
measure  the  average  energy  required  to  produce  an  electron-positive  ion 
pair,  W,  in  the  energy  decay  of  high  energy  a  particles  (E  ~  5.6  MeV). 

This  information  is  important  in  modeling  the  efficiency  of  e-beam 
switched  gas  discharges,  where  the  high  energy  e-beam  is  required  to 

produce  multiple  electron-positive  ion  pairs  in  the  diffuse  discharge. 

4 

At  high  enough  energies  (i.e.,  initial  energies  >3  *  10  eV),  the  ionizing 
efficiencies  of  electrons  and  a  particles  of  the  same  velocity  are 
almost  identical  and  do  not  depend  on  the  initial  energy  of  the  ionizing 

4 

particle,  thus  allowing  data  derived  from  a-particle  energy  decay 
studies  to  be  used  in  high  energy  electron  decay  studies.  The  experimental 
technique  and  schematic  diagram  of  the  experimental  apparatus  are  given 
in  Appendix  A. 

2.  A  new  high  temperature  electron  attachment  chamber  has  been 
designed  and  constructed  to  replace  the  original  apparatus.  We  found 
that  the  insulators  used  in  the  original  chamber  lost  their  electrical 
insulating  properties  at  temperatures  in  excess  of  300°C,  effectively 
shorting  the  electrodes  of  the  drift  assembly  to  ground.  After  unsuc¬ 
cessfully  trying  different  types  of  insulating  material  in  order  to 
increase  the  electrical  impedance  at  high  temperatures,  a  different 
chamber  configuration  was  designed  and  built  In  this  chamber,  the 
insulating  support  rods  are  connected  to  the  vacuum  vessel  at  the  top 
and  bottom  of  the  chamber  where  the  temperature  is  kept  close  to  room 
temperature.  A  temperature  gradient  is  maintained  across  the  vessel, 
such  that  only  the  central  portion  of  the  chamber  containing  the  drift 
assembly  electrodes  is  maintained  at  high  gas  temperatures.  This 


modification  has  allowed  us  to  perform  measurements  up  to  500°C  with 
good  electrical  insulation  characteristics.  Operation  of  the  apparatus 
at  higher  gas  temperatures  is  possible  but  is  not  achievable  at  present 
due  to  corona  problems  at  the  highest  temperatures. 

B.  Basic  Data 

We  have  measured  the  electron  attachment  and  ionization  coefficients 
and  electron  drift  velocities  in  O2,  CF^,  C2Fg,  C^Fg,  and  gases 

using  a  new  method  of  data  analysis.  The  pressure  dependence  of  the 
electron  attachment  coefficient  in  0^,  C^Fg,  and  n-C^F^  has  also  been 
analyzed.  A  paper  describing  this  technique  and  the  measurements  in 
these  gases  is  in  preparation. 

Measurements  of  a/N  and  q/N  in  (^Fg/Ar  and  gas  mixtures 

have  been  obtained  over  the  concentration  range  of  from  0.1  to  100% 
which  can  be  used  in  modeling  studies  of  diffuse  discharge  switches. 

These  measurements  and  their  significance  have  been  discussed  in  a  paper 
which  was  presented  at  the  Fourth  International  Symposium  on  Gaseous 
Dielectrics  in  May  1984  (see  Part  C  of  this  section). 

High  pressure  electron  attachment  rate  constant  measurements  (k  = 
qw/N)  ha\e  been  obtained  in  ^  and  Ar  buffer  gases  for  the  perfluoro- 
ethers  (CF^^O  and  (CF^^S  from  thermal  energy  (~0.04  eV)  to  ^4.6  eV. 

Both  ( C F ^ ^ S  and  (CF^^O  have  very  desirat)ie  electron  attaching  properties 
for  use  in  diffuse  discharge  switches.  Knowledge  of  the  electron  energy 
distribution  functions  for  ^  and  Ar  buffer  gases  has  enabled  us  to 
obtain  the  electron  attachment  cross  sections  (o  )  for  these  electro- 
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negative  gases  from  such  measurements.  Single  collision  negative  ion 
production  studies  have  been  performed  for  these  gases  which  have  identi¬ 
fied  the  initial  negative  ion  and  neutral  fragments  which  will  be  produced 


have  recently  been  published  (see  Part  C  of  this  section). 

Measurements  of  the  electron  attachment  rate  constant,  k  ,  have 
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been  made  as  a  function  of  the  mean  electron  energy,  <c>,  at  gas  tempera¬ 
tures  up  to  700  K  in  CC£F,  and  up  to  750  K  in  C^Fg.  ^  substantial 
increase  in  the  rate  of  electron  attachment  with  gas  temperature  has 
been  observed  in  both  of  these  molecules,  which  is  interpreted  as  electron 
attachment  to  higher  vibrational  levels  of  the  ground  state  of  these 
molecules.  A  paper  describing  these  measurements  has  been  accepted  for 
publication  (see  Part  C). 

Electron  drift  velocity  measurements  have  been  made  in  many  gas 

mixtures,  including  CF^/Ar,  CF^/CH^,  C^Fg/Ar,  C^Fg/CH^,  C^Fg/Ar,  C^Fg/CH^. 

CFgOCFg/Ar,  CF^OCF^/CFI^ ,  C^Fg/N^,  C^/C^Fg,  and  Ar^CH4  over  a  concen~ 

tration  range  of  0.1-100%  of  the  attaching  gas  in  the  buffer  gas.  The 

majority  of  these  measurements  have  been  reported  at  the  Fourth 

13 

International  Symposium  on  Gaseous  Dielectrics.  All  these  mixtures, 
except  the  C„Fc/N„  mixture,  exhibit  a  pronounced  negative  differential 

C  D  C 

conductivity  region  over  a  wide  range  of  fractional  concentrations  of 

the  attaching  gas  in  the  buffer  gas,  and  the  position  of  the  maximum  in 

the  drift  velocity  is  greatly  affected  by  the  concentration  of  the 
13 

attaching  gas.  The  ability  to  tailor  the  gas  mixture  to  obtain  the 
desired  mobility  enhancement  over  the  appropriate  E/N  range  is  essential 
in  order  to  optimize  the  operating  conditions  of  the  diffuse  discharge 
in  the  switch. 

Measurements  of  the  ratio  of  the  transverse  diffusion  coefficient 
to  the  electron  mobility,  D^/p,  have  been  made  in  the  attaching  gases 
CF  ano  C„F  each  in  the  buffer  gases  CH.  and  Ar,  using  the  DT/p  apparatus 


at  the  Australian  National  University.  Preliminary  data  analysis  has 


|  been  made  on  the  measurements  in  the  C^F^/CH^  gas  mixtures,  and  the 

results  were  presented  at  the  Fourth  International  Symposium  on  Gaseous 

n.  ,  *  -  13 

Dielectrics. 

j  An  extensive  series  of  measurements  of  the  W  value  have  been  made 

in  several  binary  and  ternary  gas  mixtures  containing  C^F^.  The  apparent 
W  value  of  pure  C^F^  has  been  found  to  be  very  dependent  on  the  total 
|  gas  pressure  and  applied  voltage  (Fig.  3)  due  to  the  large  negative 

ion-positive  ion  recombination  coefficient  in  this  gas.  The  true  W 
value  of  C^Fg  has  been  found  to  be  34.7  eV/ion  pair  from  an  extrapolation 
l  of  these  measurements  to  infinite  applied  voltages  (Fig.  3).  W  values 

have  also  been  obtained  in  the  binary  gas  mixtures  (^Fg/Ar,  C^Fg/C^H^, 

C2F6^2'C4H8’  C2H2,/Ar’  and  2"C4H8//Ar‘  Pennin9  ionization  processes  have 
[  been  found  to  signi f icantly  decrease  the  W  value  in  the  latter  two  gas 

mixtures  and  appear  to  be  absent  in  the  first  three  mixtures.  Measure¬ 
ments  of  W  have  also  been  made  in  the  ternary  gas  mixtures  C0F,/Ar/2-C „H0 
|  and  C2Fg/Ar/C2H2-  The  measurements  in  the  C2 F g/Ar/2-C^Hg  gas  mixtures 

are  given  in  Fig.  4  and  indicate  that  gas  mixtures  containing  Ar  and 
C2Fg  and  a  small  percentage  of  low  ionization  potential  impurity  (such 
I  as  or  2-C^Hg)  can  Tailored  so  as  to  minimize  the  W  value  of  the 

gas  mixture  and  hence  to  optimize  the  efficiency  of  electron  production 
in  an  e-beam-controlled  diffuse  discharge  switch.  A  paper  is  being 
I  written  in  which  these  measurements  and  their  theoretical  analysis  are 

descri bed  i n  detai 1 . 

C.  Publications 
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The  preponderance  of  the  results  from  the  experiments  outlined 
above  have  been  described  in  several  papers  which  have  either  been 
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Fig.  3.  1/W  versus  1/V  for  C^F^  at  various  gas  pressures. 

published  or  accepted  for  publication.  The  electron  drift  velocity, 

attachment,  and  ionization  measurements  have  been  presented  at  the 

Fourth  International  Symposium  on  Gaseous  Dielectrics  held  in  Knoxville, 

Tennessee,  April  29-May  3,  1984,  and  published  in  Gaseous  Dielectrics  IV 

13 

(L.  G.  Chri stophorou ,  ed. )  (see  Appendix  B).  The  material  in  this 


paper  is  being  prepared  for  an  open  literature  publication.  Our  measure¬ 
ments  of  the  electron  attachment  rate  constants  and  negative  ion  production 
cross  sections  for  the  fluoroethers  and  f 1 uorosul f ides  have  recently 
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2-C4H8  IN  TERNARY  GAS  MIXTURE  (%) 

Fig.  4.  W  for  the  ternary  gas  mixtures  2-C^Hg/Ar/C2Fg  as  a  function 
of  the  percentage  of  2-C^Hg  in  Ar/C^Fg  for  the  following  Ar/^Fg  composi¬ 
tions:  A  =  100%  Ar/0%  C2F6;  B  =  99%  Ar/1%  C2Fg ;  C  =  98%  Ar/2%  C2Fg ; 

D  =  95%  Ar/5%  C„F  •  E  =  90%  Ar/10%  C„Fc;  F  =  80%  Ar/20%  C„Fc;  F  =  80%  Ar/ 

c  b  c  b  c  b 

20%  C^Fg ;  G  =  0%  Ar/100%  C2Fg. 


been  published  (see  Appendix  C).  The  molecules  CF^SCF^  and  CF^OCF^  have 
very  desirable  electron  attachment  properties  for  use  in  diffuse  discharge 
switching  applications.  Our  high  temperature  electron  attachment  rate 
constant  measurements  to  C2Fg  and  CC£Fg  have  been  accepted  for  publication 
and  will  be  published  shortly  (see  Appendix  D).  The  electron  attachment 


14 

rate  constant  for  C^F^.  has  been  found  to  increase  with  increasing  gas 
temperature.  This  enhanced  electron  attachment  at  elevated  gas  tempera¬ 
tures  may,  in  fact,  be  beneficial  to  the  operation  of  the  switch  at 
these  temperatures. 

A  complete  listing  of  publications  and  presentations  which  have 
been  partially  or  totally  sponsored  by  the  Office  of  Naval  Research  is 
given  in  the  accompanying  Publications  Report. 

IV.  REFERENCES 

1.  M.  Kristiansen  and  K.  M.  Schoenbach,  Final  Report  on  Workshop  on 
Repetitive  Opening  Switches,  April  21,  ±981,  Department  of  Electrical 
Engineering,  Texas  Technological  University,  Lubbock,  Texas. 

2.  R.  F.  Fernsler,  D.  Conte,  and  I.  M.  Vitkovitsky,  IEEE  Trans.  Plasma 
Sci.  PSJ*.  176  (1980). 

3.  K.  H.  Schoenbach,  G.  Schaefer,  £.  E.  Kunhardt,  M.  Kristiansen, 

L.  L.  Hatfield,  and  A.  H.  Guenther,  Proc.  3rd  IEEE  Int.  Pulsed 
Power  Conf. ,  Albuquerque,  New  Mexico,  June  1-3,  1981,  p.  142. 

4.  L.  G.  Chri stophorou ,  Atomic  and  Molecular  Radiation  Physics,  Wiley- 
Interscience,  New  York,  1971. 

5.  L.  G.  Chri stophorou ,  D.  L.  McCorkle,  D.  V.  Maxey,  and  J.  G.  Carter, 
Nucl .  Instr.  Meth.  163,  141  (1979). 

6.  L.  G.  Chri stophorou ,  D.  V.  Maxey,  D.  L.  McCorkle,  and  J.  G.  Carter, 
Nucl.  Instr.  Meth.  171,  491  (1979). 

7.  L.  G.  Chri stophorou ,  J.  G.  Carter,  and  D.  V.  Maxey,  J.  Chem.  Phys. 

76,  2653  (1982). 

8.  S.  R.  Hunter  and  L.  G.  Chri stophorou ,  J.  Chem.  Phys.  80,  6150 


98 


L.  G.  Chri stophorou ,  in  Electron  and  Ion  Swarms  (L.  G.  Chr i stophorou , 
ed.),  Pergamon  Press,  New  York,  1981,  p.  261. 

L.  G.  Chri stophorou ,  S.  R.  Hunter,  J.  G.  Carter,  and  R.  A.  Mathis, 

Appl .  Phys.  Lett.  41,  147  (1982). 

L.  G.  Chri stophorou ,  S.  R.  Hunter,  J.  G.  Carter,  S.  M.  Spyrou,  and 

V.  K.  Lakdawala,  in  Proc.  4th  IEEE  Int.  Pulsed  Power  Conf.  (M.  F.  Rose 
and  T.  H.  Martin,  eds.).  The  Texas  Tech  Press,  Lubbock,  Texas, 

1983,  p.  702. 

J.  G.  Carter,  S.  R.  Hunter,  L.  G.  Chri stophorou ,  and  V.  K.  Lakdawala, 
in  Proc.  3rd  Int.  Swarm  Seminar  (W.  Lindinger,  H.  Villinger,  and 

W.  Federer,  eds.),  Innsbruck,  Austria,  1983,  p.  30. 

S.  R.  Hunter,  J.  G.  Carter,  L.  G.  Chri stophorou ,  and  V.  K.  Lakdawala, 
in  Gaseous  Dielectrics  IV  (L.  G.  Chri stophorou  and  M.  0.  Pace, 
eds.),  Pergamon  Press,  New  York,  1984,  p.  224. 

S.  M.  Spyrou,  I.  Sauers,  and  L.  G.  Chri stophorou,  J.  Chem.  Phys. 

78,  7200  (1983). 

S.  M.  Spyrou,  S.  R.  Hunter,  and  L.  G.  Chr i stophorou ,  J.  Chem.  Phys. 


APPENDIX  A 

The  experimental  technique  for  determining  the  gas  ionizing  efficiency, 
W,  in  gases  and  gas  mixtures  for  use  in  diffuse  discharge  switching 
applications. 


ALPHA  PARTICLE  IONIZATION  EFFICIENCIES  OF  GAS  MIXTURES 
FOR  USE  IN  DIFFUSE  DISCHARGE  OPENING  SWITCHES 


Experimental  Technique 

To  perform  an  experiment,  open  the  grounding  switch,  S,  at  time  t^ 

=  0. 

Current  will  flow  into  high  quality  (low  loss)  capacitor  C  from 
charge  generated  in  chamber  by  o-particle  decay  in  the  gas. 

The  voltage  will  then  rise  across  the  capacitor  and  is  measured  by 
a  very  high  impedance  voltmeter,  V^--current  drain  through  voltmeter 
should  be  negligible  in  comparison  with  current  in  the  circuit  ( i . e . ,  R 
-v  1014  Q). 

To  keep  the  E/N  constant  across  the  drift  gap,  the  voltage  rise 
must  be  compensated  for  by  applying  an  equal  voltage  to  the  other  side 
of  the  capacitor.  This  is  done  by  connecting  a  b  V  power  supply  and 
linear  resistor  to  the  earthing  side  of  C  and  adjusting  the  potentiometer 
to  increase  the  voltage  to  keep  the  voltage  in  the  circuit  "vO  as  measured 
by  V^.  Tne  voltage  in  the  compensating  circuit  is  monitored  with  the 
voltmeter,  V^,  and  when  the  voltage  has  risen  to  a  given  value,  say  V  , 
the  experiment  is  stopped  and  the  time  to  reach  the  voltage--t2  =  t  is 
recorded.  The  grounding  switch  is  closed,  and  all  potentials  returned 
to  zero  and  tne  procedure  repeated  at  a  different  gas  presume,  applied 
voltage,  or  gas  composition  and  different  values  of  t^  are  recorded. 

Data  Analysis 

The  energy  required  to  produce  one  electron-ion  pair,  W,  is  derived 


The  charge  on  the  capacitor  is 


Q  =  CV  , 

and  the  rate  of  change  of  charge  on  C  is 

dQ  r  dV 
dt  dt  ' 

The  number  of  electron-positive  ion  pairs  formed  is  given  by 

Total  change  in  charge  across  C  C  dV 
electron  charge  e  dt 


The  total  energy  deposited  in  the  gas/minute  by  the  a  source  is  = 
NE  -  no.  of  as  per  minute  *  energy  of  each  a. 


Thus  W  = 


_ energy  deposited/minute _  NE  e 

no.  of  electron-ion  pairs  formed/minute  C  dV/dt 


knowing  N,  E,  and  C  and  measuring  AV  and  At  we  can  find  W. 

In  practice,  if  W  for  argon  is  known,  then  an  unknown  W  for  a  mixture 
can  be  found  from 


W  W 

Ar  _  unknown 

AT.  AT  . 

Ar  unknown 

By  measuring  the  AT  for  argon  and  the  "unknown"  gas  mixture  [i.e. , 
the  time  required  to  charge  C  to  a  given  (aribtrary)  voltage],  W  of  the 
mixture  can  be  found. 

The  accuracy  of  the  technique  can  be  found  by  measuring  AT  in  argon 
and  nitrogen  and  by  measuring  the  ratio 


< 
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ABSTRACT 

Gas  mixtures  for  possible  use  ir.  diffuse  discharge  switching  applications  require 
both  high  dielectric  strength  and  specific  transport  properties  in  the  conducting 
and  the  opening  stages  of  the  operation  of  the  avitch  lr  the  conducting  stage, 
the  electro:,  drift  velocity  Bust  be  large,  and  the  electron  loss  processes  (e  g  . 
due  to  electron  attachment  and  recombinat  lor.  ’  Bust  be  lov  sc  as  to  maximize  the 
efficiency  of  the  current  gain  ir.  the  discharge  while  Baintainmg  low  discharge 
impedance  lr.  the  opening  stage,  etrong  electron  attachment  along  with  high, 
dielectric  strength  is  required  of  the  gas  mixtures  in  order  to  extinguish  the 
discharge  as  quickly  as  possible  (and  thus  achieve  a  fast  opening  time)  to 
prevent  arcing  occurring  between  the  switch  electrodes  due  to  the  high  voltages 
induced  across  the  switch  in  the  opening  phase.  In  this  paper,  we  will  present 
measurements  of  the  electron  drift  velocity,  attachment,  diffusion  and  ioniza¬ 
tion  coefficients,  and  high,  voltage  dielectric  strengths  of  several  gas 
mixtures  proposed  as  candidates  for  use  ir  diffuse  discharge  switching  applica¬ 
tions  These  include  C3F#/Ar,  CJFl/Oi,  CjFt/A.  CjF6/Q14.  CF^.'Ar,  CF4/01« 
CT3OCfs/Ar.  and  CF3OCF3/CH4.  For  some  of  these  mixtures,  the  above  transport 
and  dielectric  strength,  measurements  have  beer,  performed  over  the  concentration 
range  from  0  tc  100\  of  the  attaching  gas  ir  the  nonattaching  buffer  gas 


KEYWORDS 

Electro:  drift  velocity-  diffusior  lomratior.  attachment  coefficients  diffuse 
discr,«-ge  switches  pulsed  pove:  negative  differential  conductivity 

INTRODUCTION 

There  has  beer  considerable  interest  ir.  recent  years  in  the  possibility  of  using 
inductive  energy  storage  devices  as  a  means  of  storing  and  rapidly  transferring 
electrical  energy  ir.  numerous  pulsed  power  applications  The  primary  advantage  tc 
be  gained  fro*  the  use  of  these  energy  storage  devices  is  that  they  have  potential 
energy  storage  densities  IOC  to  100C  times  that  of  comparable  capacitive  storage 
systems  (Burton  and  co-workers  19’’9.  Kristiansen  and  Schoenbach.  1981)  One  of 

->  ->  4 
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the  mayor  problem  to  be  faced  with  thi*  technology  before  it  car.  be  introduced  ir. 
a  maober  of  applications  it  that  theae  inductive  energy  systems  require  a  switch¬ 
ing  device  that  can  repetitively  twitch  (repetition  ratet  >  K  ppt  and  Bore  than 
1C*  ahota)  high  currents  (e  g  .  IOC  tu  for  Inertial  fusion  confinement)  with 
opening  times  of  the  order  of  a  few  nanoseconds  and  being  capable  of  withstanding 
high,  voltages  (>10C  kV)  during  the  opening  stage  without  breakdown  (Xnttianser. 
and  Schoenbach.  1961.  1982) 

One  of  the  Bost  premising  contenders  for  fast  repetitive  twitching  is  an  externally 
sustained  diffuse  gas  discharge  operating  at  gas  pressures  of  one  tc  several 
atmospheres  Two  different  types  of  external  electron  sources  have  been  proposed 
for  the  control  of  the  discharge  current.  They  are  by  Beans  of  volume  gas  iomza- 
tior  by  pulsed  high,  energy  electron  beams  (*e-beae  controlled  .  e  g  Hunter 
197t,  Fernsler  and  co-workers  1980)  or  by  resonant  ionization  of  the  gaseous 
Bedim  using  a  pulaed  high:  power  laser  (‘optically  controlled'  e  g  Schoenbach 
and  co-workers.  1982) 


DIFFUSE  DISCHARGE  SWITCH  OPERATING  PARAMETERS 

The  Botior.  of  the  charge  carriers  in  the  diffuse  discharge  driver,  by  an  external 
electron  be*  of  flux  at  a  given  E/N  is  governed  by  the  following  continuity- 
equation 


dr. 
_ e 

dt 


/dr  '  «j-i 

\dx  >3b* 


k  n  N 
1  e  T 


k  n  K  -  k  n  r. 

a  e  a  Re-* 
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where  <d£/dx>  is  the  average  energy  deposited  in  the  gas  by  the  electrons  from  the 
e -be air  in  traveling  a  distance  dx.  V  is  the  average  energy  required  to  produce  an 
ion  pair  (and  includes  a  contribution  to  the  volvme  ionization  by  excited  state 
lonizatior  of  a  lower  ionization  potential  gas  additive  in  the  case  of  Penning  gas 
■ixtures),  k  is  the  electron  ionization  rate  constant,  k  is  the  electron  attach- 
Ben*.  rate  constant  k^  is  the  two-body  e lec t ron- ion  recoatfrinatior.  rate  constant 
(ir.  highly  attaching  gas  Bixtures  recombination  due  to  negative  ion-positive  lor. 
neutralization  will  also  be  a  xigr.ificant  process),  .  and  A^  are, 

respectively,  the  electron,  positive  ion.  attaching  gas.  and  total  gas'  mxabe  r 
densities  Similar  equations  Bay  be  written  for  the  positive  and  negative  ions 
produced  in  the  discharge . 

The  electron  current  density  in  the  discharge  is  giver,  by 


2  (  r  .  x 
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8r. 

_ e 

8* 
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and  is  dependent  on  the  electron  drift  velocity  v  the  longitudinal  I  and  trans¬ 
verse  Dt  diffusion  coefficients  and  where  r  is  the  radial  directio:  perpendicular 
tc  the  applied  field  At  the  gas  pressures  proposed  for  Bost  switching  applica¬ 
tions  (P^  k  l  atm),  the  diffusion  terms  ir.  Eg  (2)  are  negligibly  small  in  coe- 
pinior  with  the  electron  drift  velocity.  N  The  positive  and  negative  lor.  current 
densities  (J^  «  tr.^w^  and  *  er.  v_  ,  respectively)  do  not  play  a  significant  role 
ir.  the  transient  stages  (e  g  ,  ir,  the  opening  stage)  of  the  switching  action  of 
the  discharge  However,  the  positive  and  negative  ion  fluxes  i n  the  discharge  dc 
cause  sigr.if leant  apace-charge  distortion,  xuch  that  the  electric  field  within  the 
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diacharge  1*  apatially  dependent  and  Eoiasor.'s  equation  Must  be  aolved  ir  order 
tc  determine  the  field  i  e 
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dx 
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where  oc  11  the  per*;  t  *  i vi t  j  of  the  gaseous  Bediurr 

With  the  aid  of  Eqs  (1  and  (2  it  is  possible  to  estafcliah.  several  req-i rements 
of  a  gat  mixture  ir  the  diffuse  discharge  which  will  optieirr  the  perfonaance  of 
the  switch  The  conductivity  of  the  discharge  must  be  maxixited  while  the  awitch 
is  conducting  (i  e  the  voltage  drop  and  hence  the  E  'K  across  the  discharge 
should  be  low  (E  '*>  i  3  >  1C‘!T  V  ar? .  Sehoenbach  and  co-workers.  1962)  tc  mr,ut.ne 
power  losses  and  consequently  gas  heating  effects  ir.  the  switch)  The  opening 
t jir  of  the  switch  bus-,  be  as  abort  as  possible  (i  e  largest  rate  of  decrease  i- 
tne  discharge  current  or.ce  the  e-beair  hat  beer  twitched  off  ir.  order  tc  naxurite 
the  voltage  developed  across  the  inductive  energy  storage  device  (l  e  V  = 

-2  did:,  where  L  is  the  inductance)  Consequently  the  elect -or.  conductivity  ir. 

the  discharge  Bust  be  s.ir.is.iied  during  the  opening  stage  and  the  gas  mixture  bus: 

be  able  to  withstand  hug)  transient  voltage  levels  (E'h  >  If  15  V  c*5  >  while  the 
■witch  is  opening 

These  operating  conditions  allow  us  tc  define  aeveral  desirable  characteristics  of 
the  gaseous  medicat  ir  tht  conducting  (low  E ’K  and  opening  (high  t 'K  stages  of 
the  switching  actior.  Ir  the  conducting  stage  the  requirements  are  as  follows 

1  Haximuir  electror  drift  velocity  v  -  the  larger  w  is.  the  higher  the  conductiv 
ity  of  the  discharge  and  the  greater  the  current  density  in  the  diffuse 
discharge 

2  HmiBisr  e-beas  "ior.i*atior  energy1  W  -  the  a»aller  W  is,  the  greater  the 

current  gam  m  the  discharge  with,  a  consequent  increase  in  the  efficiency  of 

the  coupling  of  the  e-bearr  to  the  discharge  and  a  greater  control  of  the 

resultant  discharge  current 

3  Hinioue  electror  loss  tents  k^  and  k^  -  the  conductivity  of  the  discharge 
drastically  decreases  anc  apace-cha-ge  problems  increase  when  the  highly 
mobile  electrons  are  converted  into  relatively  immobile  negative  ions 
Similarly.  conductivity  will  decrease  if  electror  and  negative  ion-positive 
lor  recombina:  lor  ir  the  discharge  is  large  due  tc  the  loss  of  the  charge 
carriers  k  further  protlea  that  results  fros  large  recoaibinatior.  coeffi¬ 
cients  is  that  the  current  gair  ir.  the  switch,  will  decrease,  and  the  energy 
released  ir  the  recant  mat  lor  process  will  result  lx  increased  gas  kinetic 
energy  causing  heetmg  prot.eirs  ir  the  gas  under  repetitive  operation 

4  Rmimum  lor.iretio:  rate  constant  k_  -  the  conductivity  of  the  ga.  is  required 
tc  be  completely  controlled  by  the  estemal  lor.iratior  source  otnerwiss  the 
ordering  time  of  the  sw.tch  will  be  considerably  increased  due  tc  adcitior.a. 
gas  lor.itatior  wher  the  e-bear  is  switched  off  (Femsler  arid  co-workers 
1961 

Ir,  the  opening  stage  the  requiresier.ts  of  the  gas  Bixture  are  as  follows 

1  Hmimcsr  electror  drift  velocity  w  -  i.e  .  reduced  electror.  Bobility  and  hence 
lower  electror,  conductivity  ir,  the  gas  Bixture 


billj 


'.C  dam 
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2  Maximum  electron  at tachment  rate  constant  k  -  i  <  .  lower  gas  conductivity 

by  converting  highly  mobile  ('ectroni  into  relatively  immobile  negative  ions 
and  by  removing  free  electrons,  frocr  the  discharge  reducing  the  current 
density  due  to  additional  ionitatior  processes  as  the  E /N  increases 

3.  Higf  breakdown  strength  E/Kf  (defined  as  the  E/K  at  which  k  «  k  ) 

>  1C"1'  V  cm5  -  the  higher  {fit  value  of  E/N^  the  faster  t^ie  permissible 
rate  of  decrette  ir.  the  electron  conductivity  ir:  the  discharge  and  hence  the 
shorter  the  opening  time  of  the  switch 

«  Self-healing  gas  mixtures  -  for  closed  cycle  operation  without  a  time  depend¬ 
ent  degredatior.  ir,  the  performance  of  the  switch  it  is  required  that  the  gas 
mixture  coeipositior  net  change  with  time  Tne  gases  ir  the  switch  car.  be 
fragmented  either  by  collisions  with  hig^  energy  electrons  froe  the  e-bearr  or 
by  neutral  di  asoc  lat  lor.  and  dissociative  attachment  processes  occurring 
during  the  diffuse  discharge  particularly  during  the  opening  phase  where  the 
E /K  quickly  rises  to  very  large  values  (E/K  >  1C" 11  V  err1;  This  problem  car 
be  reduced  by  using  gases  that  attach  electrons  nondi s soc l a t l ve ly  and  alsc 
have  low  neutral  dissociation  cross  sections  and  large  neutral-neutral  and 
negative  ion-positive  lor  re  comb  mat  ior.  coefficients  at  high  E/N  value 

5  In  phctoexcited  and  photoiomted  gas  discharges  (required  for  laser -control led 
discharges)  it  is  desirable  tc  have  4r  electron  attaching  gas  ir.  which  elec¬ 
tron  attachment  car.  be  increased  (or  decreased?  froe  photoabsorptior.  of  the 
laser  radiation  (Schoenbach  and  co-workers.  1962) 

The  desirable  characteristics  for  the  E/K  dependence  of  v  and  k  for  the  gas 

mixture  ir.  the  diffuse  discharge  are  shown,  m  Fig  1  (Chnstophorou  and  co-workers 

1962a  1963? 


EXPEF.IMEKTA2  MEASUREMENTS 

In  this  section  we  outline  some  of  our  recent  measureavents  of  the  electron  attach¬ 
ment.  diffusion  and  ionitatior.  coefficients  electron  drift  velocities  and  break¬ 
down  field  strengths  of  several  gas  mixtures  vhich  we  propose  as  candidates  in 
diffuse  discharge  switch  applications  Some  of  these  data  have  been  reported  by 
us  elsewhere  (Chnstophorou  and  co-workers.  1979,  1982a,  1963,  Carter  and  co¬ 
workers  1983) 

Electron  Attachment  and  Ionitatior 

Hiaf  pressure  ( F  >  1  atm!  electron  attachment  studies  of  the  perf luoroalkar.es 
(Hunter  and  Chnstophorou  1964)  and  several  fluonnated  ethers  (Spyrou  and  cc- 
workers  1964  have  shown  that  several  of  these  mclecules  possess  electron  attach¬ 
ment  rate  constants  which  have  desirable  energy  dependences  fc:  diffuse  discharge 
switching  applications  (i  e  they  attach  electrons  efficiently  at  high  energies 
and  have  much  reduced  electron  attachment  rate  constants  at  near-thermal  energies 
These  measurements  are  summarized  ir  Fig  2  and  have  beer  obtained  using  the 
high-pressure  svars  technique  outlined  by  Chnstophorou  (197i)  and  Hunter  and 
Chnstophorou  (1964  The  molecule  C3Ft  is  particularly  noteworthy  in  that 

electror  attacbm>ent  tc  this  molecule  at  atmospheric  pressures  is  predominantly  by 
parent  negative  lor.  atabi  1  nation .  mnd  thus  this  molecule  could  possibly  be  used 
in  closed-cycle  switches 

lr  order  tc  better  characterize  the  transport  parameters  of  the  electrons  in  gas 
mixtures  of  practical  significance  we  have  measured  the  electron  attachment 
coefficient  ly/N^  m  pure  CsFt  (Fig  3)  as  well  as  the  effective  ionitatior, 


ELECTRON  DRIFT/ATTACHMENT 
CHARACTERISTICS  DESIRED  IN 
DIFFUSE-DISCHARGE  SWITCHES 
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Fi?  1  Schematic  illustration  of  the  desirable  characteristics  of  the  v(E'm  and 
k  <E'K/  functions  of  the  gaseous  mediur  ir.  ar,  externally  (e-bea»  sustained  diffuse 
discharge  switch  approximate  values  of  the  E/K  for  the  discharge  ir.  the 
conducting  and  opening  stages  of  the  switch  are  shown  ir  the  figure  (Chnstophorou 
and  co-workers.  19e2a) 


coefficient  (o^  ■*  nl/pV  (where  is  the  unnormalired  Townsend  loniiatior 
coefficient,  and  p  is  th'e  fractional  concentration  of  the  attachmc  gas  ir  the 
buffer  gas  ir  C..Ft/Ar  (Fig  «a  and  C*F*'CH«  (Fig  4t  gas  mixtures  The  attach- 
aiet.t  coefficient  measurements  in  C..Ft  are  pressure  depender.-  !F.c  2  as  has  beer 
found  it.  electror  attachment  studies  tc  C.F,.  in  a  higt -press -r*  A-  buffer  gas 
'Hunter  and  Cf.r  istophoro-  19Eui.  *  Kith  ou:  preser;  technique  (Hunte-  and  co- 
wcrke's  19b-;  we  are  unable  tc  separate  0_./A^  and  r,  K  ir  gases  where  r  >  1£ 

6eper.de*  t  or  the  ges  pressure  Consequently  we  present*  the  r,  'k  values  ir  ^  J( 
u;  tc  only  lfc'.  »  1C'1'  V  err"  beyond  which  icrutatior  processe:  ar*  expected  tc  be 


Using  this  techr.igue  mean  electror,  energies  cc>  up  tc  M  f  eV  are  obtainable  at 
ccxnpa*  ativelv  low  E  'A  values  (if  »  1C"17  V  cir‘  )  as  the  electror  energy  gam  and 
loss  processes  ir,  the  experiment  are  dominated  by  the  elastic  electror.  scattering 
cross  aectior.  of  the  Ar  buffer  gas  In  contnest  the  <t  -  of  pure  C,FS  ever,  at 
E-'K  values  as  high  at  1  b  »  JC‘,!  V  cm5'  is  only  ‘•l  i  eV .  and  thus  th»  twc  experi¬ 
ments  are  probing  the  same  mean  energy  range  and  correspondingly,  the  same 
electror.  attachment  processes 


Fig  2.  Total  electron  attach¬ 
ment  rale  constants  at  a  function 
of  the  Bear,  electror.  energy  <c> 
for  cr4 .  c,f6  Cjf,  CFjSCFj 
and  CFjOCFj  (Hur.ter  and 
Chnstophoroi.  1964  Spyrou  and 
co-workers .  1964 ) . 


significant  (Raidu  and  Prasad.  1$~2>  The  measurement*  in  the  CjFe  gas  aittures 

indicate  that  the  peak  ir.  the  electror.  attachment  ir.  these  mixtures  car.  be  posi¬ 
tioned  at  appropriate  E/N  values  by  either  varying  the  attaching  gas-buffer  gas 
comb  mat  lor.  or  by  varying  the  percentage  of  the  attaching  gas  ir.  the  buffer  gas, 
suet  as  tc  maxusite  the  rate  of  decrease  ir.  the  conductivity  of  the  discharge  and 
thus  minixiie  the  opening  time  of  the  switch 


Electror.  Drift  Velocity 

Measurements  of  w  ir.  gas  mixtures  comprised  of  CF,  CrFt.  CjFf.  and  CFjOCFs  ir. 
buffer  gases  of  Ar  and  CH4  are  giver,  in  Figs  5-6  These  measurements  were 
obtained  using  the  technique  outlined  by  Chnstophorou  and  co-workers  (1962b  anc 
were  made  over  a  concentrat  lor  range  of  C  1-100%  of  the  attaching  gas  ir.  the 
buffer  gas  All  of  these  gas  mixtures  exhibit  a  pronounced  negative  differential 
conductivity  (MIC;  rector  over  a  wide  range  of  fractional  concentrations  of  the 
attaching  gas  ir  the  buffer  gas  (i  e  a  regior.  over  which  the  electror  drift 
velocity  decreases  wilt  increasing  E  A  ir  contrast  tc  the  more  usual  ber.avior 
where  v  increases  witr  E 'R  petrovic  and  cc-workers  0964'  and  Robsor  (1964 
have  recently  quantified  the  conditions  under  which  N!>1  car  occur  Fc-  Wbl  tc  be 
exhibited  by  a  gas  mixture  it  is  essential  that  the  gas  or  one  of  the  constituents 
of  the  gas  mixture,  possess  inelastic  processes  with  either  a  rend.y  increasing 
threshold  scattering  cross  sectior.  or  a  cross  section  with  a  rapidly  decreasing 
higf -energy  tail  Negative  differential  conductivity  is  alsc  enhanced  ir.  the  gas 
mixture  when  the  elastic  scattering  cross  sectior.  increases  rapidly  with  energy 
alone  with  the  inelastic  crosr  section  Further  enhancement  occurs  wher  the 
inelastic  process  has  a  threshold  at  relatively  large  electror.  energies  The  use 
of  gas  mixtures  in  which  one  gas  possesses  predominantly  elastic  scattering  at  lov 
electror  energies  and  a  deep  Rarrsauer-Tovnsend  minimimr  in  the  elastic  scattering 
cross  section  with  a  rapidly  increasing  momenUir  transfer  cross  sectior.  c  at 
higher  electror.  energies  (e  g  .  the  heavier  rare  gases),  and  the  other  gas  is  a 
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Fig  3  Electror.  attachment  coefficient  ly/K^  at  a  function  of  E/K  for  CSF,  at  the 
gas  pretauret  indicated  in  the  figure 


■circular  gat  possessing  large  resonant  inelastic  vibrational  scattering  processes 
at  electror.  energies  ir  the  range  1-4  eV ,  allows  one  tc  change  the  degree  of  the 
Kp:  effect  and  the  E/K  range  over  which  it  is  observed  ( Chr  1st opherou  and  co- 
workers.  1979;.  This  ability  tc  tailor  the  gat  Bixture  tc  obtain  the  desired 
effect  over  the  appropriate  E  '►>  range  is  essential  ir.  order  tc  optUBite  the  opera¬ 
ting  conditions  of  the  diffuse  discr.srge  ir  the  twitch 

Tn»  peak  values  of  v  and  the  E 'a  values  at  whicl  the;,  occur  are  plotted  ir  Figs  9i 
and  9d  respectively  as  a  function  of  the  percentage  cf  the  attaching  gases  Cf 4 
Cjf,  and  C.F*  ir.  the  buffer  gases  kr  and  O.,  It  is  apparent  froe  these  figures 
(and  Figs  S-S  that  gas  Bixt-res  coaar-ised  of  of  art)  of  these  attaching 

gases  ir.  kr  possess  peak  w  values  of  u’-t’  e»  s"‘  while  at  all  concentrations  of 
the  attaching  gas  ir.  Ql,  the  peak  value  of  w  is  1C7  c*  s'1  or  greater.  Further 
it  is  evident  f r oa  these  findings  that  bj  varying  the  concentration  of  the  attach¬ 
ing  gat  ir.  the  buffer  gas  the  wCE/K.  functions  car.  be  chosen  tc  have  Baxinua 
values  in  the  E/K  range  of  1-1C  *  1C"  17  V  ca!  ,  which  it  roughly  the  range  charac¬ 
teristic  of  the  conduction  stage  of  the  switch  It  is  seer,  froe  Figs  4-9  that 
the  bsxibjb  of  both  (E/K,  and  v(E,'K'  shifts  to  higher  E/K  values  as  the  con¬ 

centration  of  the  attaching  gas  is  increased  The  value  of  the  Bear.  electror. 
energy  <i  ■>  ir.  the  Bixture  decreases  with,  increasing  attaching  gat  concentration, 
and  as  a  consequence,  the  value  of  E'K  which  corresponds  tc  the  sear,  energy  for 
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Fig  4  The  electror.  attachment  coefficient  ry'k  for  C2F,  and  the  affective 
ion  lilt  ion  coefficient  (o  *  r])/pf<  (where  it  the  unnormal ited  Townsend 
ionisation  coefficient  and  p  it  the  tractions)  concert  rat  lor  of  C,Ft  in  the  buffer 
gas)  for  the  gas  mixtures  (a;  Cjft'dr  and  (t)  CjFk  Ch,  The  actual  paraaieter 
aeacured  m  the  electron  attachment  experiment  is  (o^  •*  n )  ( ir.  ur.itt  of  c»  *  1  ; 

This  aeatureaent  car  be  either  normalixed  to  the  attaching  gas  nuaber  density  b 
when  o  «  0  tc  obtain  the  normalised  attachaient  coefficient  of  attaching  gas* 
constituent  of  the  mixture,  or  it  car.  be  normalised  tc  the  total  gas  niaber  density 
N  to  find  the  effective  lonuatior.  coefficient  of  the  aiature  at  a  whole 


whict  w  or  n/b  maximise  increases  This  ability  to  tailor  the  gas  aiature  tc 
position  the  maximun  in  w  or  rj/b  at  given  E/N  values  allows  considerable  free doa 
ir.  designing  the  operating  parameters  of  the  diffuse  discharge  awitches 

Measurements 


Measurements  of  Dj/p  ir.  CF4  end  C,f,  ir  buffer  gases  of  CM,  and  dr  have  beer  aade 
using  the  t  /p  apparatus  »t  the  dustraliar.  National  University  (Craaptor  and  Jor> 
1962!  Preliminary  analysis  of  the  measureawnts  in  Cjfj'CX,  gas  mixtures  has  bee: 
made.  the  C  /p  date  are  giver,  ir.  Fig  1C  These  data  along  witr  those  or  v 
H/b  and  (r,  •*  o  )/pb^  ir  Figs  3  and  4.  will  be  usee  ir.  a  doltsman;  eq-usno: 
analysis  of  the  electron  Notion  ir.  these  gat  mixtures  tc  obtain  tr.frnaerioi  or  the 
electror  scattering  processes  and  the  electror  energy  distribulior  functio:  as  a 
function  of  E/K  and  gas  composition 


Breakdown  Field  Strength  Measurement s 

The  high  voltage  dc  unifore  field  breakdown  etrength  (E'b;  has  beer  measured 
in  mixtures  of  the  attaching  gases  C2F,  and  C,Fj  in  buffer  gases  of  dr  and  Ch4 
(Chnstophorou  and  co-workers,  1963)  These  measurements  are  giver,  ir  Fig  11  and 
indicate  that  gas  mixtures  composed  of  of  CtFt  or  C4F,  ir,  dr  have  (E/b, 

values  ir.  excess  of  10"’*  V  crJ  and  can  thus  withstand  the  voltage  levels  charac¬ 
teristic  of  the  opening  stage  of  the  switch  The  C,Ft'0<4  and  C,F,'CX,  mixtures 
possess  high  breakdown  strengths  over  e  wider  (and  lower)  range  of  concentrations 
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Fig  11  (E /M)  versus  percentage  of  CtT t  or 

C,F,  In  the  buffer  gases  kr  or  Oi4  .  The  tot.*} 
get  pressure  wet  106  1  kfi  at  a  temperature  of 
295  K .  be  ultraviolet  (UV)  irradiation  of  the 
electrode  gap  vat  bade  escept  for  the  CfF4/Oi4 
mixtures ,  at  a  result  the  (E/M)^  value t  for 

C eirturrt  are  'SV  lover  Kan  they  would 
have  beer,  vithout  OV  Irradiation  (Christophorou 
and  co-vorkers.  1983) 


of  the  attaching  gat  in  CX«  enabling  a  vide r  choice  of  gat  mixtures  to  be  made 
vhile  still  maintaining  high  breakdown  field  strengths. 


DISCUSSION 

All  the  get  mixtures  discussed  In  this  paper  are  considered  to  be  good  candidates 
for  diffuse  discharge  switching  applications  This  conclusion  it  supported  by  the 
recent  findmgt  and  interest  (e  g  Bietzinger.  1963*  b  Byszevsk:  and  co-vorkers. 
1964  kunhardt  1964  Scherrer  and  cc-vorkers,  1964  Schoenbsch  and  co-vorkers 
1984,  ir.  using  the  mixture!  ir,  actual  e -be ar  switching  devices  Bietzinger 
t 1 9 B 3 1 ,  b )  hat  shown  that  the  current  decay  in  the  diffuse  discharge  it  dominated 
by  recombination  processes  at  early  times  and  that  the  decay  car  be  considerably 
enhanced  at  later  times  by  the  addition  of  saMll  amounts  of  the  perfluoroalkanes 
Cf4,  CjFt.  and  CjF,  to  the  discharge.  Knowledge  of  the  nature  and  magnitude  of 
the  recoatoinatioc  processes  in  the  discharge  .  along  with  the  gas  ionizing 
efficiency  of  the  e-bea*  (vhich  is  a  measure  of  V--the  average  energy  required  to 
produce  a  positive  ion-electron  pair  in  the  discharge)  vould  be  of  considerable 
value  in  modeling  the  tenoral  behavior  of  the  electron  conductivity  in  the  dis¬ 
charge.  Measurements  of  these  parameters  and  the  deeosqrosition  of  the  gas  by  the 
asternal  electron  beam  are  currently  In  progress  et  the  euthers '  laboratory  The 
effects  of  gas  beating  on  the  electron  transport  and  breakdown  properties  in  the 
discharge  are  also  required  and  are  alao  presently  under  investigation 
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The  stud-es  outlined  lr  this  pope-  and  the  contjnuin;  inve«t  19*;  10ns  n;;  «:io» 
accurate  modeling  cf  the  o.'-.e-  com;  lex  and  in  t  e  r  r  e  1  *  t  ed  phenomena  the:  occur 
vithir  the  diffuse  discharge  Thu  ir  turn  will  allot  the  overall  performance 
of  these  switching  de'-ices  tc  be  predicted  accurately  and  as  a  consequence  the 
tailoring  of  the  gaseous  cor.tt  1 1  uer  ;s  and  operating  parameters  of  the  discharge  tc 
achieve  optusi*  performance 
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Studies  of  negative  ion  formation  in  fiuoroethers  and  fluorosulphides  using 
low-energy  (=.10  eV)  electron  beam  and  electron  swarm  techniques8 

S  V  Spvoj  0  S.  R.  Hunter. fc  and  L  G  Chnstopnofou' 

Moircuiu?.  and  High  Voltage  Physics  G-i-up  Health  ana  Ss/en  Rescan  k  D..  .s,ue  Out  Rug, 

Motional  Laboratory.  Oak  Ridgt.  Tenncsset  i'Ri] 

(Receded  1?  June  1964,  accepted  12  Jul>  1964 

The  attachment  oflow  -energy  |<  10  eV,  electrons  to  four  fiuoroethers  iCF,OCF„  CF.OCF  H, 

CF-HOCF-H  and  CF?OCH,!  and  two  fluorosulphides  lCF,SCF,  and  CF,SCH ,i  has  been  studied 
using  a  time-of-flight  mass  spectrometer  (TOFMS  and  a  high  pressure  electron  sw  arm  technique 
The  relative  cross  sections  as  a  function  of  incident  electron  energv  for  all  observed  anions  were 
measured  bv  employing  the  former,  and  the  total  absolute  electron  attachment  rate  constants 
were  measured  by  employing  the  latter  technique  All  six  molecules  were  found  to  attach 
electrons  dissociative!) .  The  types  and  relative  intensities  of  the  fragment  anions  depend  strongly 
on  the  number  and  relative  positions  of  the  F  atoms  in  the  molecule  and  on  the  presence  of  O  or  S 
atoms  in  the  molecule  The  fluorosulphides  attach  lower  energv  electrons  than  do  the 
fiuoroethers  The  magnitude  of  the  total  electron  attachment  rale  constants  increases  with 
increasing  number  of  F  atoms  in  the  molecule  The  observed  negative  ions  |in  decreasing  order  of 
intensity ;  and  the  positions  of  the  peak  intensities  (given  in  parentheses  in  eVi  are  F ~ < 5  3 1  and 
CF.CT  14  8  from  CFsOCF,;  CF,0"i3  7|.  F" (5.7,.  HF:  16  !(.  CFO'  (5  9,.  and  CFf  <6.7i  from 
CF,OCF;H;  CF,O_|3.0i.  HF,  |4.7i.  F“i5.0i.  and  CFO  (4  9j  from  CF;HOCF?H,  F~(6.7i  from 
CF.OCH  ,;  CF,S~|0.6)  and  F_f3.8i  from  CF,SCF,;  CF,S~  i  —  0  0,  from  CF  ,SCH  ,  Energetic 
considerations  w  ere  employed  to  identify  possible  fragmentation  mechanisms  of  the  negative  ion 
states  (NTSs  leading  to  the  production  of  the  observed  fragment  negative  ions  and  to  deduce 
v  alues  for  the  electron  affinities  of  the  radicals  CF,0  and  CF,S  CNDO  '2  and  MNDO  molecular 
orbital  calculations  were  performed  on  all  six  molecules  investigated  in  an  effort  to  rationalize  the 
types,  relam  e  intensities,  and  positions  of  the  maxima  in  the  cross  sections  of  the  observed  anions. 


I.  INTRODUCTION 

The  study  of  the  attachment  of  low-energy  (0-10  eV) 
electrons  to  the  fiuoroethers  |CF3OCF3,  CF3OCFjH, 
CF:HOCF2H.  and  CF3OCH3l  and  fluorosulphides 
(CF,SCF3  and  CF3SCH3  is  of  basic  and  of  practical  interest. 
These  molecules  are  an  attractive  group  to  stud)  the  effect  of 
atomic  substitution  in  the  molecule  on  its  electron  attaching 
properties  In  addition,  since  the  electron  attachment  rate 
constants  for  these  molecules  are  pressure  independent  (see 
Sec  III  B..  they  provide  a  straightforward  comparison  of  the 
results  obtained  bv  the  electron  beam  and  by  the  electron 
swarm  techniques  From  the  practical  point  of  view,  the 
magnitude  and  energv  dependence  of  the  attachment  rate 
constants  for  CF,OCF,  and  CF,SCF3  are  such  as  to  make 
them  good  gas  dielectrics,  and  also  good  electronegative  gai s- 
es  to  be  used  as  additives  in  gas  mixtures  for  diffuse-dis¬ 
charge  switching  applications.'  *’ 

II.  EXPERIMENTAL 

Both  the  TOFMS  and  the  electron  swarm  techniques 
employed  in  the  present  study  have  been  described  previous¬ 
ly  (e  g  ,  see  Refs.  3  and  4)  In  the  TOFMS  experiment  a  heat- 
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ed  filament  is  used  to  produce  an  electron  beam  with  full 
width  at  half-maximum  (FWHMl  of  ~0.5  eV.  With  the  re¬ 
tarding  potential  difference  technique  (RPD)'  a  quasimon- 
oenergetic  electron  beam  is  achieved  whose  FWHM  is  usual¬ 
ly  — -  0  12—0. 1 5  eV.  However,  the  intensities  of  the  majority 
of  the  anions  in  the  present  study  were  too  low  to  allow 
application  of  the  RPD  method  The  energy  resolution  of  the 
electron  beam  in  the  present  experiment  was  assumed  to  be 
approximately  constant  over  the  total  range  of  electron  ener¬ 
gies  !  ~  0-10  eVi  employed  The  shape  of  the  electron  beam 
energv  distribution  was  monitored  by  observing  the  very- 
narrow  (FWHM  -  10  me  V*,  SFt  ’  resonance  w  hich  peaks  at 
-0  0  eV  The  SF,  gas  wav  alw  ays  admixed  in  the  system 
w  ith  the  gas  under  study  To  remove  the  effect  of  the  broad 
electron  energy  distribution  on  the  measured  relative  cross 
sections  an  unfolding  procedure'  was  employed  It  was 
found  earlier  that  by  using  this  procedure  the  unfolded 
cross  sections  were  comparable  or  narrower  than  those  ob¬ 
tained  by  application  of  the  RPD  technique  (see  Sec  III; 
compare  data  in  Figs.  1  and  2,  see  also  Fig  3l 

In  the  electron  swarm  experiment  the  determination  of 
the  electron  energy  distribution  function  E  /S )  and 
hence  the  mean  electron  energy  <e)  is  more  complicated,  as 
it  not  only  depends  on  £  /.V,  but  also  on  the  gas  under  study 
Moreover,  the  electron  energv  distribution  functions  are  ac¬ 
curately  known  for  only  a  few  gases  In  the  present  experi¬ 
ments  the  measurements  were  performed  in  both  N;  and  Ar 
buffer  gases  for  w  hich  / \e,E  /.V  |  are  known  over  the  range  of 
E/N  values  we  used  The  elastic  and  inelastic  scattering 
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FIG  1  Negative  lor.  intensity  ai  a  function  of 
electron  energy  e  (nonunfolded  data  for  la 
CF  ,OCF <bl  CF  ,OCF ,H  ic  CF,HOCF,H  ,d 
CF  ,OCK 


cross  sections  in  Ar  and  N:.  the  numerical  solution  of  the 
Boltzmann  equation  usedtoobtain  / If  jE  /.V  (andtheaccura- 
c>  of  the  resultant  distribution  functions  used  in  this  study 
have  been  previously  described.4  Small  quantities  of  the  at¬ 
taching  gas  under  study  are  mixed  into  these  buffer  gases  at 
such  concentrations,  that  the  addition  of  the  attaching  gas 
does  not  affect  the  electron  energy  distribution  function  of 
the  buffer  gas  alone  When,  however,  the  attaching  gas  did 
not  attach  electrons  efficiently,  a  high  concentration  (up  to 
-  1  pan  in  104)  of  the  attaching  gas  was  required,  and  the 
measurements  were  performed  as  a  function  of  the  partial 


attaching  gas  number  density  in  order  to  remove  the  effect  of 
the  attaching  gas  on  the  electron  energy  distribution  func¬ 
tion  This  problem  is  more  acute  in  Ar  and  can  lead  to  large 
uncenainties  in  the  measured  attachment  rate  constants 
when  these  are  small  |see  Sec.  Ill  Bi 

The  present  swarm  measurements  were  performed  at 
room  temperature  ( -  300  K)  using  high  tot  J  pressures  P7  in 
the  range  0. 1 3  <  P T  <  1.0  MPa  and  over  a  mean  electron  en¬ 
ergy  (f>,  which  ranges  from  thermal  energy  ( -0.04  eV|  to 
—  1 .0  eV  for  N,  and  from  0.3  to  4.8  eV  for  Ar.  The  measured 
electron  attachment  rate  constants  k„{E / A')  and  the  buffer 
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FIG  2  Negative  ion  intensity  as  a  function  of 
electron  energy  t  (unfolded  data  for  |a 
CF,OCF,.  fbi  CF.OCFjH.  (c|  CF^HOCF.H.  (di 
CF.OCH, 
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ti.«r.  r,  f  for  some  of  the  mole,  ules  studied  using  the  unf.-lu- 
in*  pr*.  cdu't.  developed  b>  Chnstophoroi.  c:  a'.  "  l  stn*  N. 
and  Ar  buffer  gases,  a  were  obtained  within  the  range- 
of  -  0  02-  1  5  and  C  3-0  0  eY,  respectively  4 

The  gases  CF.OCF  .  CF.DCF  H.  and  CF  HoCl  H 
were  pur. based  from  PCR  Research  Chemical  In.  .  with  a 
quoted  minimum  purity  of  97<T-99C£  The  compounds 
CF.OCF1.  and  CF,SCH,  were  synthesized  by  Dr  J  L  Ad¬ 
cock  of  the  Chemistry  Department  of  the  Iniversity  of  Ten¬ 
nessee  For  CF,SCF.  two  samples  were  used,  one  was  pur¬ 
chased  from  Armageddon  Chemical  Company  and  the  other 
was  prepared  b\  Dr  J  L  Adcock  Impurities  in  these  com¬ 
pounds  w  ere  determined  by  the  electron  beam  technique,  the 
effect  of  these  impurities  on  the  swarm  measured  electron 
attachment  rate  constants  is  discussed  in  Sec  III  b 

III.  RESULTS 

A.  Negative  ion  fragments 

The  present  TOF  mass  spectrometric  studs  has  show  n 
that  low -energy  electrons  attached  dissociative))  to  the 
ffuoroether  and  the  fluorosulphide  molecules  investigated 
No  parent  anions  were  observed  in  any  of  these  molecules 

1.  F/uo'oethers 

The  relative  cross  sections  as  a  function  of  e  for  all  the 
fragment  anions  observed  from  the  four  fiuoroethers  studied 
are  shown  in  Fig  1  Each  curve  represents  the  average  of  at 
least  four  sets  of  data  Each  set  of  data  was  decon  voluted  and 
the  averages  of  the  corresponding  unfolded  functions  are 


show :  ir  }  i*  2  fro.  nutm  peat  iv.ero  tie.  position  s  of 
masin.a  if  the  kt  intensity  full  ujj:»  a:  half-maximum 

FV.  HM  of  the  observed  maxima  m  the  negat.ve  ion  intense 
tv  vs  (  plot,  arid  the  appearan.e  onsets  fee  the  observed 
fragment  anions  are  listed  in  Table  I  It  is  evident  from  these 
results  that  the  type  of  anions,  their  relative  intensity  and 
the  number  and  position  of  the  resonance  maxima  in  the 
relative  cross  sections  of  the  various  anions  depend  strongly 
on  the  number  and  relative  positions  of  the  F  atoms  in  the 
molecule  The  molecules  with  one  or  both  of  the  methyl 
groups  partially  fluonnated  form  multiple  fragment  ions 
more  readily  upon  electron  impact  than  those  with  methyl 
groups  containing  atoms  of  only  one  type  leither  H  or  Ft. 
Five  anions  iCF,0~.  CFO”  .  CF,  ,  HF;~  .  F~|  and  four  an¬ 
ions  iCF,0~  .  CFO'  ,  HF;" .  and  F“  |  have  been  observed, 
respectively,  for  CF,OCF;H  and  CF,HOCF:H  The  forma¬ 
tion  of  CFO'  and  HF,  requires  multiple  molecular  frag¬ 
mentation  and  the  formation  of  CF,0'  from  CF.HOCF.H 
also  requires  strong  rearrangement  of  the  transient  parent 
anion  For  both  molecules  the  predominant  ion  is  CFtO  . 
with  the  other  anions  having  intensities  up  to  30  times  less 
than  that  of  CF,0  .  On  the  other  hand,  for  CF.OCF,  only 
two  ions  iCF.O  and  F~  I  and  for  CF,OCH,  only  one  ion 
IF'  |  have  been  detected  The  ratio  of  the  relative  intensity  of 
F'  toCF,0'  is  about  21  for  CF,OCFv  A  possible  explana¬ 
tion  of  the  absence  .or  extremely  weak  intensity/  of  CF, 0~ 
from  CF,OCH .  is  discussed  in  Sec  IV  B 

2  Fluorosulphides 

The  relative  cross  sections  for  negative  ion  formation  as 
a  function  of  e  for  the  fluorosulphides  CF,SCF,  and 


TABLE  I  Negative  ions  due  to  low-energ>  electron  impact  on  CF,OCF,.  CF,OCF:H  CF  HOCF?H  and 
CF  ,OCH . 


Observed  Energv  of  maximum 

negative  Relative  peak  ion  iniensitv  FWHM*  Appearance 


Molecule 

ion 

ion  intensitv 

leVr 

(e\'r 

onset  leVr 

CF  ,OCF 

CFO 

550 

4  8-0  05 

1  85 

2.5  -  0  1 

F 

loot 

5.3  -  0  05 

1  8.5  * 

?.?  -  c  z 

CF.OCF  H 

CF  O 

200 

i  o  -  c : 

1  ( 

o :  =  o  i 

KM 

3  "  r  C  « 

2  5 

2  0-0? 

CFO 

d 

2  8-01 

\  ( 

5  o  t  o  05 

i  ; 

4  0  -  0.2 

CF 

d 

3  1-01 

35 

65.  0  05 

20 

4  8  —  01 

HF. 

12? 

6  1  -  0  05 

2  4 

3  7  -  0.2 

F 

d 

10-01 

650 

5  5  4-  0  05 

2  35 

2  8  -  0  2 

CF.HOCF.H 

CF.O 

1000 

30  -  005 

1.8 

0«-01 

CFO 

60 

4«-005 

1.0 

20-  o  t 

HF. 

d 

1  0;  0  2 

250 

4  7  -  0  05 

2  25 

2  6-03 

F 

d 

1  7  ;  02 

200 

5  0  -  0  05 

2  75 

2  8  ±  0  2 

CF.OCH, 

F 

yi 

2  5-01 

1  0 

18-01 

1«K. 

67-01 

2  5 

4  7-  03 

*FuIT  width  at  -maxim,  un:  of  tfn  respective  ion  tmenstrv  as  a  function  of  electron  energv 
'The  energv  scale  calibrator  wa<  made  using  $F,  and  taking  for  the  SF<  /Sf ,  resonance  the  value  ofO  3“*  e\ 
iRef  7,  The  ■*  refers  to  the  standard  deviation  from  the  average 
'  %  alues  listed  are  fr  »rr  the  unfolded  data 

d  Lnrev'Jved  peak  OnJv  th*  appearance  onset  ascnSed  to  these  peaks  is  listed  in  the  table 
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FIG  3  Negative  ion  intensity  as  a  function  of  electron  energy  e  lopen  sym¬ 
bols  nonunfolded.  solid  symbols  unfolded  data;  for  (ai  CFjSCF,.  (b; 
CF.SCH , 

CF,SCH,  are  shown  in  Fig  3.  The  relative  peak  intensities, 
energy  of  maximum  ion  intensity,  FWHM  of  the  ion  reson¬ 
ances,  and  the  appearance  onsets  for  each  observed  negative 
ion  are  summarized  in  Table  II  The  types  of  anions  observed 
are  analogous  to  the  corresponding  fluoroethers,  i.e.,  CF,S~ 
and  F“  from  CF,SCF?  and  CF3S~  from  CF3SCH3  There  is, 
however,  a  rather  large  difference  in  the  relative  intensities 
of  these  anions  and  the  positions  of  the  resonance  maxima  as 
compared  to  those  for  the  fluoroethers.  For  the  fluorosul- 
phides  the  predominant  anion  is  CF,S~  peaking  at  0.6  eV  for  , 
CF,SCF,  and  at  thermal  energies  for  CF,SCH,  In  contrast, 
for  the  fluoroether  CF3OCF3,  the  CF,0~  ion  peaks  at  4.8  eV 
and  the  F~  ion  at  5.3  eV  and  for  CF3OCH,.  the  F~  ion  peaks 
at  6 P  eV  For  CF,SCF,  the  F~  ion  current  is  300  times  less 
intense  than  CF,S ,  while  F"  is  almost  twice  as  intense  as 


FIG  4  Total  electron  attachment  rate  constants  kc  for  the  fluoroethers  and 
fluorosulphides  measured  as  a  function  of  mean  electron  energy  (e )  in  both 
Ar  and  N  buffer  gases 

CF,0~  in  CFjOCF3;  also  whereas  for  CF3OCH3,  F"  is  the 
only  anion  which  has  been  observed  in  this  study,  for 
CF3SCH3,  F~  was  not  observed  at  all 

B.  Total  electron  attachment  rate  constants 

In  Fig  4  are  shown  the  *„((f>)  for  all  the  fluoroethers 
and  fluorosulphides  measured  in  the  swarm  study  using  Ar 
as  a  buffer  gas  Also  shown  in  Fig.  4  are  the  k.  ( (f ) )  for  the 
fluorosulphides  using  N3  as  a  buffer  gas  These  two  sets  of 
measurements  are  listed,  respectively,  in  Tables  III  and  IV 
Between  6  and  12  independent  sets  of  measurements  were 
made  for  each  of  the  attaching  gases  in  each  of  the  buffer 
gases  When  the  k,  \E  /S )  were  found  to  depend  on  the  par¬ 
tial  attaching  gas  number  density  S A  [as  was  the  case  for  all 
the  attaching  gas/argon  buffer  gas  mixtures,  e  g  .  see  Figs 
5ia  and  5(b)  for  the  dependence  of  ke \E  /A'  j  on  the  partial 
concentration  of  CF3SCF3  and  CF3OCF3.  respectively,  in 
argon]  the  measured  ke  as  a  function  of  .V,  at  a  fixed  total 
pressure  was  extrapolated  to  zero  concentration  The  values 


TABLE  11  Negative  ions  due  to  low-energy  electron  impact  on  CF,SCF,.  and  CF,SCH, 


Molecule 

Observed 

negative 

ion 

Relative  peai 
ion  intensity 

Energy  of 
maximum 

ion  intensity 
leVf 

FWHM1 

(evr 

Appearance 
onset  leVr 

CF,SCF, 

CF,S 

1000 

Oft  +  005 

~0 

F 

3 

3.8  ±  0  1 

15 

1.9  ±0.1 

CF,SCH, 

CF,S" 

1000 

-0 

‘Full  width  at  half-maximum  of  the  respective  ion  intensity  as  a  function  of  electron  energy 
*The  energy  scale  calibration  was  made  using  SF,  and  taking  for  the  SF,  /SF,  rsonance  the  value  of  0  37  eV 
(Ref  7)  The  ±  refers  to  the  standard  deviation  from  the  average 
•Values  listed  are  from  the  unfolded  data 
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of  k„iE /S I  at  SA  -*0  were  taken  to  be  those  that  would  be 
measured  had  /(e,  (e) )  been  characteristic  of  the  pure  buffer 
gas 

The  sample  CF,SCH3  was  found  in  the  TOFMS  study 
to  contain  a  small  amount  of  a  chlorine-containing  impurity 
which  produced  Cl-  when  subjected  to  low-energy  If  <  10 
eVi  electron  impact  The  Cl"  signal  was  —209!:  as  intense 
and  had  approximately  the  same  energy  dependence  as  the 
CF>S"  signal  produced  by  dissociative  attachment  to  the 
CF3SCH,  molecule  Attempts  to  remove  this  impurity 
i  which  w  as  estimated  to  be  <  1%  of  sample)  by  gas  chroma¬ 
tography -mass  spectrometry  methods  failed  Consequently, 
it  is  estimated  that  the  measured  kQ\E/S)  in  the  swarm 
study  may  be  —  20%  too  large  for  this  compound  due  to  the 
presence  of  the  Cl "  impurity  ion  The  compound  CF,SCF, 
was  also  found  in  the  TOFMS  study  to  contain  small 
amounts  of  a  chlorine-containing  impurity  and  perhaps  also 
F2,  which  produced  small  Cl  -  and  F"  signals,  respectively  , 
both  peaking  at  —0  eV.  The  contribution  to  the  total  elec¬ 
tron  attachment  from  these  impurities  was  estimated  to  be 
<  1%  of  the  total  negative  ion  production  and  thus  their 
effect  on  the  measured  k„[E/S)  values  in  CF.SCF,  is  ex¬ 
pected  to  be  negligible  except  at  thermal  energies  All  the 
negative  ions  we  observed  in  the  electron  impact  studies  of 
the  fluoroethers  were  identified  as  fragment  ions  of  the  par¬ 
ent  molecules  and  thus  impurity  problems  should  not  affect 
the  /.V  !  measurements  in  these  compounds. 


The  overall  accuracy  of  the  ke  [E  /.V  |  measurements  in 
CF,SCF,  and  CF3OCF3  is  expected  to  be  —  5%-7%  (See 
Ref  4  for  the  sources  and  estimates  of  error  in  this  experi¬ 
ment.)  For  the  remaining  molecules  in  this  study,  the  overall 
accuracy  of  the  measured  rate  constants  decreases  as  the 
magnitude  of  the  electron  attachment  rate  constant  de¬ 
creases.  such  that  for  CF,SCH,  and  CFjOCFjH,  the  esti¬ 
mated  uncertainty  is  — 10%-15%.  and  for  CF;HOCF:H 
and  CF,OCH  -  20%  This  increased  uncertainty  is  mainly 
due  to  an  increased  statistical  inaccuracy  in  the  measure¬ 
ments  when  the  rate  constants  are  small  and  also  possible 
influences  of  the  attaching  gas  on  the  electron  energy  distri¬ 
bution  function  in  the  gas  mixtures  compared  to  those  in  the 
pure  buffer  gas,  due  to  the  necessity  of  using  relatively  high 
(up  to  one  part  in  104)  concentrations  of  the  attaching  gas  in 
the  Ar  buffer  gas  It  appears  that  errors  from  these  sources 
restnct  this  technique  to  the  study  of  electron  attachment 
processes  in  molecules  whose  kc  ( E  /S )  have  peak  values  of 
>  10' cm1  s"  1  using  Ar  as  a  buffer  gas,  and  >  10"  1? 
cm’ s"  ’  using  N;  as  the  buffer  gas. 

The  measured  total  electron  attachment  rate  constants 
have  been  found  to  be  independent  of  the  total  gas  pressure 
PT  for  all  the  compounds  in  the  present  study,  indicating 
that  dissociative  electron  attachment  processes  are  responsi¬ 
ble  for  the  observed  electron  attachment  in  these  molecules 
This  is  in  contrast  to  our  recent  measurements  in  the  per- 
fluoroalkanes.'4  where  the  measured  kc\E  /X  |  depended 
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FIG  5  Total  electron  attachment  rite  constants  *.  for  l»!  CF,SCF,  and  fbi  CF,OCF,  in  argon  plotted  as  a  function  of  the  ratio  of  the  attaching  gas  number 
density  \A  to  the  total  gas  number  density  ST  at  several  values  of  the  mean  electron  energy  (t). 
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extent  k-r  n-C«F  ir.ds.at.r  t  tr..d  tit-.f  :  attachment  t, 

th  >st  molecules  at  tht  pressures  used  ir,  thest  experiments 
»a'  predominantly  b>  parent  negative  ion  stabilization 
From  the  results  presented  tn  Fig  4  it  is  apparent  that  in¬ 
creasing  the  F  substitution  in  both  the  fluoroethers  and  the 
fluorosulphides  increases  the  rate  of  electron  attachment 
Furthermore,  the  fluoroethers  predominantly  attach  elec¬ 
trons  at  higher  energies  than  do  the  fluorosulphides  This 
observation  is  again  ir  agreement  with  the  measurements  of 
the  TOFMS  studs  presented  in  the  prev  ious  section 

C.  Swarm  unfolded  total  electron  attachment  cross 
sections 

The  measured  total  electron  attachment  rate  constants 
Ae;£/.V  are  related  to  the  total  electron  attachment  cross 
section  r>  if  i  b\ 


/  /  t 


v  l  N  lu  •  /  N 


-  (-)’ :  f 


‘o  if  i  f  if  .£  /.V  ,  dt 


where  rj  A ,  is  the  normalized  electron  attachment  coeffi¬ 
cient.  u\E  /S'  i  is  the  electron  dnft  velocity,  m  is  the  electron 
mass,  and  fie.E/S  I  is  the  electron  energy  distribution  at 
each  E  /S'  value  normalized  b\ 


1  fye'E/S 


de  —  1. 


If  both  Aul£ /A  .  and  /|f,£/A  i  are  known  over  a  wide 
range  of  E/S'  values,  then  oa if)  can  be  determined  over  a 
w  ide  range  of  electron  energies  using  the  swarm  unfolding 
technique  11  The  Aj£/A  i  we  used  in  Eq  (li  are  those  ob¬ 
tained  by  extrapolating  the  measured  attachment  rate  con¬ 
stants  to  zero  concentration  of  the  attaching  gas.  so  that  it  is 


TABLES  Swarm  unfolded  electron  attachment  cross,  sections  if  >  for  the  fluoroethers  and  the  fluorosulphides  obtained  bv  unfolding  the  k  t£  /A'  dala  m 

N  and  in  Ar 


CF.OCF 
llO  1  cm 


CF.OCFH  ' 

1 10"  "  cm: 


CF.SCF,1 
1 10 "  "  cm 


CF.SCH  .* 
1 1 0  "*  cm' 


CF.SCF/ 

l  J 0 _  cm:i 


CF.SCH  / 

1 10- "cm-’, 


s  -  -  •  esev  * 


r>it  ;;  use  :ht  neutron  energv  u>. •:  t.’  -••  >: 
of  the  r-rt  buffc*  pa 

Tne  swam  unfolded  oj€  for  CF  ,(>CF  arc 
CF.OCF-H  t:.  Ar  are  listed  ir.  1  able  \  arc  art  plotted  n 
Figs  6  and  ~.  respective!)  Attachment  cross  sections  for 
CF  HOCF  H  and  C'F.OCH.  are  no:  giver.,  as  it  has  beer, 
found  that  the  k^\E  A  values  for  these  twc  molecules  are 
too  small  and  thus  too  uncertain  to  give  stable  and  reproduc¬ 
ible  unfolded  values  of  oa  if  i.  The  reasons  are  that  the  statisti¬ 
cal  scatter  in  the  k_-E  A  values  is  considerably  larger 
i  -  20%  •  than  for  CF.OCF,  15%-’’%  and  CF,OCF:H 
!  1 0°7  —  1 5 i.  and  since  it  was  necessary  to  use  comparative!) 
h.gh  concentrations  of  the  attaching  gas  in  the  buffer  gas  >up 
to  one  part  in  104i  it  is  possible  that  the  effect  of  the  attaching 
gas  on  the  electron  energv  distribution  functions  has  not 
been  complete!)  removed  bv  extrapolating  k u  to  A  A  — *0  isee 
Sec  II; 

The  total  cross  sections  for  negative  ion  formation  for 
CF-.OCF;  and  CF,OCF;Fl  obtained  in  the  TOFMS  stud) 
are  also  given  in  Figs  b  and  respective!) .  normalized  to  the 
peak  of  the  swarm  unfolded  a„  If  i  It  can  be  seen  that  there  is 
a  fair  agreement  between  the  peak  positions  and  the  half¬ 
widths  of  the  major  negative  ion  resonances  for  these  two 
molecules,  but  there  are  differences  in  the  cross  section  mag¬ 
nitudes.  particular!)  at  the  higher  energies,  where  the  high 
energv  tail  of  the  swarm  unfolded  cross  sections  is  consider¬ 
able  larger  than  those  obtained  in  the  TOFMS  stud)  A  simi¬ 
lar  trend  has  beer  noted  between  the  swarm  unfolded  cross 
sections  and  the  TOFMS  results  for  the  perfluoroalkanes  4  It 
seems  unlikely  that  errors  in  the  scattering  cross  sections 
used  to  obtain  / If  JE  /S  )  at  higher  energies  li  e.,  f  >  4  eVj  in 
Ar  can  account  for  the  difference  in  the  peak  positions  and 


FIG  b  S»arm  unfolded  total  electron  attachment  cross  section  c,if  for 
CF.OCF,  in  comparison  with  the  total  negative  ion  cross  section  obtained 
in  the  7 OFMS  stud)  The  TOFMS  studs  cross  section  has  been  normalized 
to  the  peal  in  the  unfolded  cross  section 
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difference  ir.av  be  lor.  discrimination  effects  in  our  mav 
spectrorrietris  stud)  since  the  detection  efficiency  in  the 
TOFMS  stud)  may  vary  with  the  mass  of  the  negative  tor. 
and  more  significant])  w  ith  the  translational  energv  of  the 
fragment  anions,  and  since  several  of  the  negative  ions  pro¬ 
duced  bv  dissociative  attachment  to  these  molecules  possess 
excess  energv  up  to  several  eV,  see  Table  VII),  the  detection 
efficiencv  of  the  TOFMS  apparatus  mav  decline  with  the 
amount  of  translational  energv  possessed  b>  the  negative 
ion.  leading  to  a  reduction  in  the  measured  total  cross  sec¬ 
tions 

The  unfolded  attachment  cross  section  functions  o^ifi 
for  CF.SCF,  obtained  from  the  measurements  of  kc[E  /.V  , 
in  Arand  N;  buffer  gases  are  listed  in  Table  V  and  are  plotted 
in  Fig  8  along  with  the  normalized  total  negative  ion  cross 
section  obtained  in  the  TOFMS  stud)  Considerable  effort 
was  expended  in  the  present  study  to  obtain  as  accurate 
k0\E /X  ,  values  as  possible  for  CF?SCF,  in  both  the  Arand 
N;  buffer  gases  ir,  order  to  facilitate  a  comparison  between 
the  two  unfolded  cross  sections  obtained  using  the  two  buffer 
gases  and  that  obtained  in  the  TOFMS  study.  It  can  be  seen 
in  Fig  8  that  there  ts  good  general  agreement  between  the 
swarm  unfolded  cross  sections  with  regard  to  the  peak  posi¬ 
tion  and  half-width  of  the  negative  ion  resonance.  While  the 
agreement  in  the  overall  magnitude  of  the  cross  section  de¬ 
rived  from  the  electron  attachment  measurements  tn  N;  and 
Ar  ts  within  the  combined  estimated  uncertainty  I  ~  10%  I  of 
the  swarm  unfolded  cross  sections,  the  difference  in  the  two 
cross  section  functions  appears  to  be  real,  and  is  thought  to 
be  primarily  due  to  differences  in  the  accuracy  of  the  distri¬ 
bution  functions  used  to  unfold  the  ka(E /.V  f  data  in  Ar  and 
N:  It  is  expected  that  the  distribution  functions  in  Ar  are 
more  accurate  than  those  of  N«  in  this  energy  range  due  to 


FIG  7.  Swarm  unfolded  tola!  electron  attachmen-  cross  aecttor  rjr  for 
CF,OCF,H  tn  comparison  with  the  total  negative  ton  cross  section  obtained 
in  the  TOFMS  stud) 
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FIG  S  Swartr  unfolded  tola'  elect ror  attaxhmen:  ere?**  section  rjo  fv'f 
CF.SCF  a*  \o+  clearer  energies  using  V  and  Ar  a>  buffer  gases  irr  com 
pansor  wuf  the  loia-  negative  ion  cross  section  obtained  ir.  the  7C>FMS 
Stud> 

the  close  agreement  between  the  experimental  and  calculat¬ 
ed  transport  data  in  Ar  i in  general  <  1  i  than  in  N;  I  -  5 9f  |. 
and  uncertainties  in  the  accuracy  of  the  "two  term"  Boltz¬ 
mann  solution  at  higher  mean  energies  <'  l<l  The  agreement 
between  the  peak  position  obtained  from  the  swarm  unfold¬ 
ed  oa  if  i  cross  sections  and  that  obtained  by  the  TOFMS 
study  is  good,  but  the  half  widths  in  the  resonance  of  the 
swarm  unfolded  rrjfi  cross  sections  are  smaller  than  those 
obtained  in  the  TOFMS  study  This  difference  is  possibly 
due  to  the  fact  that  the  electron  energy  distribution  functions 
used  in  the  swarm  unfolding  are  known  more  accurately 
than  the  distribution  function  used  in  the  unfolding  of  the 
beam  data  (see  Sec  111 

The  present  study,  along  with  the  previous  one  on  the 
perfluoroalkanes.4  enables  us  to  draw  the  following  conclu¬ 
sions  regarding  the  accuracy  of  the  attachment  cross  sec¬ 
tions  obtained  using  the  swarm  unfolding  technique  When 
the  peak  values  of  k.  i E  /.V  i  are  >  10“  u  cm’ s  “  then  the 
peak  position,  peak  value  and  halt-width  of  the  resultant 
swarm  unfolded  attachment  cross  sections  are  determined  to 
within  an  estimated  uncertainty  of  —10^,  provided  the 
peak  in  the  attachment  cross  section  lies  within  the  mean 
energy  range  covered  by  the  experiment.  When  the  k0 1 £  /A  i 
values  peak  at  mean  energies  which  lie  at  the  highest  or  just 
beyond  the  highest  mean  energy  values  for  which  the  mea¬ 
surements  were  made  le.g.,  CFjOCF,  and  CF,OCF:H  in  the 
present  study  and  CF4  in  the  previous  study4/,  the  resonance 
can  still  be  resolved,  but  with  an  increased  uncertainty 
|~209ei  When  the  kQ\E /S |  peak  values  are  in  the  range 
10“  "  <  ka{E  /S  /  <  10“ 10  cm5  s“ the  statistical  uncertain¬ 
ty  in  the  measurements  also  leads  to  an  increased  overall 
uncertainty  in  the  unfolded  cross  section  of  —  209F 
For  A0(£ /A  !  values  below  10“  "  cm5  s“  the  statistical  un¬ 
certainty  in  the  data  and  the  unknown  influences  [since  in 
these  cases  high  concentrations  have  to  be  used  (up  to  one 
part  in  lCrii]  of  the  attaching  gas  on  the  electron  energy  distri¬ 
bution  functions  of  the  buffer  gas  do  not  allow-  accurate, 


reproducible  swarm  unfolded  <7„tf  t  cross  sections  to  be  ot- 

Uinec 

IV.  DISCUSSION 

A.  Energetics  of  dissociative  electron  attachment 
processes  and  thermochemical  data 

For  a  reaction  of  the  form 

€  +  RA — ►R  +  X  ,  (3l 

the  energy  balance  equations  of  interest  are 

AH,  =  dtf  ,(Rl  +  AH/X)  -  E.A.IXi  -  AH, (RX|,  (4l 
AOt X“)  =  JWr -*-£*,  l5i 

AOiX“)  =  Z>|R-Xl  —  E  A  LT  I  +  £*,  <6/ 

where  AH,  is  the  heat  of  the  reaction.  AH/ Ri.  AH^X).  and 
d/fpRXiare  the  heats  of  formation  ofR,  X.  and  RX,  respec¬ 
tively,  E.A.IXi  is  the  electron  affinity  of  X,  AOiX“)  is  the 
appearance  onset  of  X“  .  Z>iR-Xi  is  the  bond  dissociation 
energy  of  RX,  and  E*  is  the  excess  energy  of  the  reaction 
composed  of  the  internal  energy  of  excitation  and  the  total 
translational  energy  of  the  fragments 

We  used  Eqs  (4h6>  and  the  thermochemical  data  in 
Table  V]  (literature  data  or  data  derived  in  the  present  study  I 
to  identify  possible  dissociative  attachment  processes  lead¬ 
ing  to  the  formation  of  the  observed  negative  ions  The  pro¬ 
posed  fragmentation  processes  along  with  the  respective  es¬ 
timated  heats  of  reaction  are  summarized  in  Tables  VII  and 
VIII  Several  remarks  concerning  the  information  in  Table 
VII  can  be  made 

(ii  Some  of  the  observed  anions  (CFO“  and  HF2  )  can 
only  be  produced  indirectly  in  multiple-fragment  reactions 
accompanied  by  intramolecular  atomic  rearrangement 
within  the  transient  anion  In  many  cases,  on  the  basis  of 
energetic  considerations,  we  attribute  to  multiple-fragment 
reactions  even  the  formation  of  the  anions  F“  and  CF,  , 
which  can  be  produced  via  direct  two-fragment  reactions 
lui  In  all  cases  only  reactions  with  AH,  lying  below  the 
corresponding  AO  of  the  negative  ion  have  been  listed  in 
Table  VII  A  comparison  of  the  respective  d//,  and  AO  [Eq 
(5)]  shows  that  most  of  the  processes  describing  the  forma¬ 
tion  of  the  anions  from  the  fluoroethers  are  characterized  by 
considerable  excess  energy  (see  las;  column  of  Table  VII] 
lui  The  energy  dependences  of  the  relative  cross  sec¬ 
tions  of  the  various  anions  produced  from  the  four  fluor¬ 
oethers  (Figs  1  and  2/  suggest  that  there  may  be  two  NISs  for 
each  molecule — one  below  and  another  above  3  eV.  For  the 
symmetric  molecule  CF,OCF3  the  two  states  are  degener¬ 
ate,  while  for  the  asymmetric  molecule  CF,OCFjH  there  is 
an  indication  of  a  third  low-lying  (at  —  1  eV)  NIS.  The  first 
NIS  leads  mostly  to  the  production  of  CF,0“  (this  anion 
was  not  observed  for  CF3OCH3)  and  its  position  shifts  to 
higher  energies  with  increasing  number  of  F  atoms  in  the 
molecule  A  similar  observation  can  be  made  for  the  two 
fiuorosulphides  studied  In  Fig  9  are  summarized  the  ener¬ 
gy  dependence  of  the  relative  cross  sections  for  CF,0“  and 
CF,S“  produced,  respectively,  from  the  fluoroether  and 
fluorosulphide  molecules  in  this  study  The  formation  of  an¬ 
ions  via  the  high-energy  NIS  of  the  fluoroethers  studied  is 
generally  accompanied  by  release  of  excess  energy  .  How- 
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TABLE  VI  The'mtxhrr-u.a  data 


\  a! jc  ir  V  aim  :ir  eV 


Quar.Dtk 

»r»J  rc'crmyc 

Cleanup 

anj  rcferepjt 

AH,,  F 

0  83* 

AH  ,COF. 

-  6  e;' 

AH,H 

2  26r 

AH  Cl, 

-  4  94* 

AHaO 

2  58’ 

AHaCHF , 

~  7.2:* 

AHaCF 

: 

AH  CH.F. 

—  4  6  V 

AHaCO 

-  11 5" 

AHaCF y 

-  9  58’ 

AH,,  FO 

1  13-04’ 

AH,, CF.O 

[  —  6  6]c 

AH,,  HF 

-  2  82* 

DiF.C-O 

1  3  9 -£  0.4)' 

■IW.iHF. 

l  -  2f 

AHaCF, OCF, 

(  -  15.4  i  0.4).  - 

15.?'' 

AHaC  fh 

1.3  -  0  3’ 

AHaC  F.OCF.H 

[  -  13  5  ±0  4],  _ 

1?  4  '» 

ahacfo 

-  1  78  i  0  65“ 

dtf.iCF.HOCF.H 

(  -  11,3  ±0  4),  - 

ll.3i' 

JAUHOFi 

! 

O 

AHaCF,OCH, 

|  -  9  0  +  0  4)  - 

9.0; 

AHaC  H,' 

1 .51“ 

E.A.lFi 

3  45 

UW.tCHF; 

-  3.04* 

EAlCFy 

2  1  ’ 

AHaCHS 

-  0  3* 

E  A  HF: 

3  0“ 

AHaCHFO 

-  3.9* 

E  A.iCFO 

2  t.3.3’ 

DiF.C-F 

5.3  -  0.2“ 

*  Reference  1 1 

“  Reference  12 

*  This  and  al!  other  values  enclosed  m  brackets  have  been  estimated  using  the  data  in  this  table  as  described  in  the  footnotes  of  the  table  The  AHaHF,,.  for 
example,  was  found  using  HF.—HF  -  F  and  Eq  14  and  assuming  that  AH,  =  DiHF-FineO  eV.  since  HF;  is  an  unstable  system  being  detected  only  as  a 
negative  ion  (Ref  13i 

"Obtained  using  CF,OF— CF,0  +  F  and  Eq  (4!  with  AH.  -  Z)|CF,0-F  =  1.9  eV  (Ref  14  and  AH  A  CF,OF  =  —  7  7  eV  (Ref  15. 

'Obtained  using  CF.OF— CF,  a-  OF  and  Eq  14  with  D<Cf  -OF,  -  AH. 

'Obtained  using  CF, OCF, -*CF,  +  OCF,  and  Eq  i4  withdW.  =  D-F.C-O  =  3 .9  -  0  4  eV  This  and  al!  subsequent  values  enclosed  in  parentheses  are  the 
results  of  MNDO  calculations  tsee  Sec  IV  B 

‘Obtained  using  CF,OCF,H— CF,H  +  OCF.  and  Eq  |4.  with  AH.  *  Z>lF,HC-Oi  =  3.9  r  0  4  eV 

“Obtamed  using  CF.HOCF.H— CF,H  -  O  -  CF,H  and  Eq  |4,  with  AH,  =  2D|F;HC-Oi  =  7.8  ±  0  4  eV 

'Obtained  using  CFjOCH,— CH>  t  OCF,  and  Eq  |4-  with  AH.  =  D (H,C  -  Oi  =  3.9  ±  0  4  eV. 

’Reference  16 

*  Reference  1 7. 

'References  1  Rial  and  18fb,.  respectively 

“’Reference  3 


ever,  when  the  precursor  of  those  fragment  anions  is  the  low- 
energy  NIS,  the  anions  are  generally  formed  with  no  excess 
energy 

(iv)  The  negative  ion  cross  section  functions  for  many  of 
the  anions  observed  from  the  fluoroethers  studied  exhibit 
two  lor  more;  maxima.  We  were  not  always  able  to  attribute 
these  maxima  to  separate  NISs  with  different  asymptotic 
limits  (see  Table  VII]  Thus  the  formation  of  CF,Cr, 
CFO*,  and  CFf  from  CF,OCF:H.  and  F  from 
CF;HOCF,H  and  CF.OCH  .  at  both  of  their  maxima  are 
interpreted  (see  footnoted  in  Table  VIE  as  originating  from 
two  separate  NISs  which,  however,  converge  to  the  same 
asymptotic  limit.  However,  we  could  not  explain  the  low- 
energy  peak  of  HFj  from  CF;HOCF  H 

IV  From  the  energetics  described  in  Tables  VII  and 
VIII  we  estimated  the  E.A  of  the  radicals  CF,0  and  CF,S 
(see  the  last  column  of  these  tables,’  The  values  derived  from 
the  various  molecules  of  the  present  study  show  good  consis¬ 
tency.  Also  the  average  (3.6  eV|  E  A  value  of  CF.O  obtained 
is  in  good  agreement  with  a  MNDO  calculated  E  A  value 
(3.86  eV21)  of  this  radical 

B.  CNDO/2  and  MNDO  molecular  orbital  calculation* 

In  addition  to  the  energetic  considerations  described  in 
Se  IV'  A,  in  our  effort  to  rationalize  our  findings  on  the 


types,  relative  intensities,  and  energy  positions  of  the  various 
anions  we  observed,  we  have  performed  CNDO/2  and 
MNDO  molecular  orbital  calculations  using  the  codes  de¬ 
scribed  respectively,  by  Pople  and  Beveridge2'  and  Duel 24 
Such  semiemptnca)  calculations  are  of  limited  value,  espe¬ 
cially  when  applied  to  dissociative  electron  attachment  pro¬ 
cesses  Dissociative  attachment  ti  molecules  is  envisioned 
le  g  see  Ref  25  to  take  place  in  two  steps  a  very  fast 
i  —  1 0  *r  s’  initial  step  w  here  the  electron  is  captured  by  the 
neutral  molecule  to  form  a  transient  parent  negative  ion  in  a 
vertical  transition  and  a  later  step  where  the  transient  anion 
either  loses  the  electron  by  aut.xleta.  hment  or  it  dissociates 
moving  along  a  dissociative  potential  energy  curve  Isurfacei 
Obviously  the  semiempirica!  calculations  relate  only  to  the 
first  step  and  can  provide  information  on  (il  the  energies  of 
the  virtual  (empty!  molecular  orbitals;  and  (ii)  the  charge 
density  distributions  in  the  neutral  molecules  and  respective 
transient  parent  negative  ions  Using  Koopmans'  theorem2' 
we  assumed  the  energies  of  the  first  and  second  negative  ion 
states  iNISs  to  be  given,  respectively,  by  the  energies  of  the 
first  and  second  virtual  orbitals  Both  the  CNDO/2  and 
MNDO  calculation  did  show  that  the  orbital  energies  of  the 
fluorosulphides  are  much  lower  than  those  of  the  analogous 
fluoroethers  This  is  consistent  with  the  experimental  find¬ 
ing  that  the  NISs  of  the  fluonwulphides  lie  lower  than  those 
of  the  corresponding  fluoroethers  The  relation  between  the 
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•  a  w  i,,Tf,  k  r.f  '  p’  jcj.:  Va  i  tnr  I  *r?ia' 

’  •:  (  •  'Hr,  am.’T-, 

'  lr*»r  O  .(  K  F  .  C  r  r  K  f  h  i.  r  H  ►  .  F  Fi  »-i. 

lor 

AO 

Rcaxiiv*: 

AH  * 

ic\ 

ThenTk>:hemi*a  data  deduced 
ieV 

CF.O 

2  5-01 

e- CF.OCt,— CF.O  -  CF  , 

10  3-05 

E  *  r  =  2  2  -  0  e 

02-01 

e  -  CF  OCF  H -CF  .O  -  CF..H 

10  3-05 

EA  CF.O/3';  Cf  1  35.^  !  9.3  86 

2  0-03 

— CF.O  -  ICF-H'' 

10  3  -  0  5 

f  =  1%0F 

0  9  -  0  1 

r  -  CF.HOCFH  --CF.O  -  CH.F 

(08*04 

E  A  iCF,0  >3  5  -  0  5' 

F 

3.5  -  0  : 

t  -  CF.OCF,— F  -CF.-OCF.. 

12-04 

£•=23-06 

-F  -CF.OCF. 

[1  85  r  0  1] 

£  •  =  1  65  i  0  3 

1.0-  0  1 

t  -  cf ,ocf ,h  — f  -cof.-cf.h 

1.2  -  0  4 

28-02 

— F  -  CF.OCFH 

[1  85  *  0  1) 

£  •  =  0  95  ;  0  3 

17-02 

r-  CF-HOCFH— F  -CFHO-CF.H 

17-04 

-F  -  CFH  OCF.H 

II  85  -  0  1J 

2  8-02 

—  F  '  -  iCFHOCF  .H"' 

£*  =  0  95  -  0.3 

18-01 

r  -  CF.OCH  -F  -  CH.  -  OCF. 

125-04 

-F  -  CF.OCH 

11  85  -  0  1] 

4  7  -  0.3 

— F  -  ICF-OCH,'*' 

£•  =  2  85  -  04 

CFO 

2  8-01 

e  -  CF, OCF.H  -CFO  -  CF ,  -  HF 

0  95  -1 

£  *  =  1.85  -  1 

-CFO  -  CF,  -  H 

14-1 

£•=14-1 

—CFO*  -  CHF. - F 

2  3  -  1 

£•  =  05-  1 

4  0-02 

—CFO  -iCHF.F' 

£*=17-1 

2  * 

e  -  CF.HOCF.H-CFO  -  CHF- -  HF 

O'  -  1 

£•  =  22;  1 

—CFO  -  CHF,  -  H 

16-1 

£•=13*1 

—CFO*  -  CH,Fr  -  F 

2  7-1 

HF 

3  '  -  02 

e  -  CF  .OCF.H  -HF.  -  CO  -  CF  . 

24-04 

£•=13-06 

1.0-02 

e-  CF.HOCF.H-HF.  -  " 

2  6  -  0  3 

-HF.  -CO-CF:H 

2  1  —  04 

CF 

3  1-01 

e  -  CF, OCF.H  -CF  -  CF.HO 

[1  8  r  0  4] 

£•=13-05 

— CF,  -  CFO  -  HF 

1.85  -  1 

£•  =  1.25  :  1  1 

4  8-01 

-CF  —  (CF;HO 

£  •  =  3 

'Heal  of  reaction  determined  using  Eq  i4  and  the  dau  of  Table  VI  Values  in  parentheses  were  obtained  using  Eq  i4,.  the  data  of  Table  VI,  and 
£  A  (CF,0  =  3  6  eV  Values  in  brackets  were  found  from  Eqs  (5:  and  16  and  the  data  in  Table  VI 
b  Excess  energy  determined  from  Eq  15 

‘Electron  affinity  determined  from  Eq  16  using  Z)(F,CO-CF,H  =  3  9  -  0  4  eV  (Table  VIi  It  was  assumed  that  £*>0  eV  Tbe  first  two  numbers  in 
parentheses  are  value*  found  respectively .  from  Refs  19  and  20  The  third  number  is  the  result  of  MNDO  calculations  IRef  21 1 
0  Any  fragmentation  of  these  radicals  different  from  those  already  shown  for  the  lower  energy  peak  would  lead  to  AH.  values  higher  than  the  AO  Tbe  £  • 
value  listed  refers  to  lha'  proposed  reaction  for  the  low  -energy  peak  for  which  AH.  is  closest  to  the  AO  of  the  high -energv  peak 
‘Electron  affinity  determined  from  Eqs  i4  and  ,5  using  the  data  tn  Table  VI  and  assuming  that  £*,» 0  eV 


observed  positions  of  the  NISs  and  the  calculated  orbital 
energies  was  better  for  the  fluoroethers  than  for  the  fluoro 
sulphides  In  Fig  10  we  compare  the  measured  MS  peak, 
positions  and  the  first  two  MNDO  virtual  orbital  energies 
for  the  fluoroethers  A  broad  correlation  between  the  experi¬ 
mental  positions  of  the  NISs  and  the  MNDO  orbital  energies 
is  evident  The  CN’DO  '2  calculations  hcwcer.  ‘the  results 
of  which  are  not  shown  tn  the  figure  did  not  dearly  show 
any  such  correlation 

The  charge  density  distributions  for  each  neutral  mole¬ 


cule  and  ns  corresponding  transient  parent  negative  ion  were 
also  calculated  by  both  methods  and  the  differences  between 
these  distributions  were  used  to  find  how  tbe  attached  elec¬ 
tron's  charge  is  distributed  in  the  molecule  The  calculations 
again  showed  a  distinct  difference  between  the  fluoroether 
and  fluorosulphidt  molecules  in  the  w  ay  the  charge  of  the 
attached  electron  is  distributed  in  the  molecule  For  the 
fluorosulphidf  transient  anions  ~  50“y  of  the  electron's 
charge  is  localized  in  the  S  atom  This  suggests  that  tbe 
CF,S~  formation  from  either  CF,SCF,  or  CF,SCH,  is  asso- 


TABLE  VIII  Possible  dissociative  attachment  processes  leading  to  the  formation  of  CF,S  and  F  from  CF.SCF,,  and  F~  from  CF,SCH, 


lor 

AO 

IeV 

Reaction 

AH. 

IeV, 

Thermochemical  dau  deduced 
teV| 

CF,S 

0 

t  -  CF.SCF,— CF,S  +  CF, 

a 

E.A.(CF,SU  3.2*1  l.«r 

0 

e- CF,SCH,-CF,S  -f  CH, 

a 

E-A.(CF,S‘p3  2* 

F 

1  9 

t  -  CF.SCF, -F  +  CF.SCF, 

1.85  ±  0  1“ 

‘A  value  <0eV.  i.e  .  equal  to  or  less  than  the  corresponding  AO  can  be  assigned  to  these  reactions 

*  Electron  affinity  determined  from  Eq  |6!  and  assuming  that  the  dtssocution  energy  £>|CF,S~CF,  l  ts  equal  to  Z>lCH,S-CH,i  =  3  17eV(Ref  22i 
‘  Reference  19 

*  H»»'  of  reaction  determined  from  Eq  (6i  using  2>iF-CF,SCF,i  =  5  3  ±  OeV  (Ref  3.  and  E  A  (Fi  =  3  45  eV  (Table  VI  |.  and  assuming  £*>0  eV 
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:  2  s  «  t  e  f  • 

ELECTRON  ENERGY  l  (eV) 


FIG  s  Negav*e  ior  intense*  a*  a  function  of  electron  energv  *  for  CF  .O 
frjtrCF.OCF,  CF  ,OCF  Ft  CF  HiX'f  H  and  CF,S  from  CF  .SCF 
CF.SCH 

ciated  preferential!}  with  the  S  atom  and  may  explain  our 
observation  that  for  CF.SCF,  the  CF.S  "  ion  is  ~  300  times 
stronger  than  F“.  and  that  for  CF,SCH;  the  F“  was  not 
formed  or  was  so  weak  as  not  to  be  detected  On  the  other 
hand,  for  the  fluoroether  molecules  the  attached  electron  s 
charge  spreads  evenly  over  the  entire  molecule  This  is  con¬ 
sistent  with  the  experimental  result  that  for  the  two  mole¬ 
cules  CF,OCF,H  and  CF:HOCF;H.  negative  ions  have 
been  observed  whose  formation  implies  considerable  rear¬ 
rangement  of  their  transient  parent  negative  ions  For  the 
molecules  CF  ,OCF ,  and  CF  ,OCH ,  the  dissociation  is  direct 
and  the  formation  of  F"  is  favored  over  the  formation  of 
CF,0~  for  the  reason  that  the  electron,  once  captured,  has  a 
statistically  higher  probability  of  being  found  on  an  F  atom 
This  is  consistent  with  the  observ  ation  that  forCF,OCF>  the 
F_  is  twice  as  strong  as  CF,0“.  while  for  CF,OCH„ 


C  1  2  3  4 


MNDO  ORBITAL  ENERGY  (eV; 

FIG  10  Measured  negative  ior,  resonance  state  peal  position*  vs  MNDO 
i virtual  orbital  energies  for  the  molecules  I.CF,OCF,  2  CF,OCF;Fi  3. 
CF.HOCF.H  4.  CF.OCH 


CF  sO  i-  s,  wt;.F  =;*:  iu»:  formed  a:  al!  that  r.  v*a-  no:  dr¬ 
ied  eJ 

V.  CONCLUSIONS 

It  this  study  we  have  measured  the  total  absolute  at¬ 
tachment  rate  constants  kjE  \ .  and  denved  from  them 
the  total  absolute  attachment  cross  sections  ojf),  and  mea¬ 
sured  the  relative  cross  sections  as  a  function  of  incident 
electron  energy  for  all  anions  observed  in  low-energy  elec¬ 
tron  collisions  w  ith  the  fluoroethers  CFjOCF,.  CF,OCF;H, 
CF-HOCF-.H,  and  CF,OCHv  and  the  fluorosulphides 
CF,SCF,  and  CFXSCH,  From  these  results,  we  have  found 
that 

(i  Substitution  of  the  O  atom  in  the  fluoroethers  studied 
by  S  increases  the  magnitude  of  the  electron  attachment  rate 
constants  of  these  molecules  Furthermore,  it  significantly 
lowers  the  energy  positions  of  the  NISs.  so  that  the  fluorosul¬ 
phides  attach  lower  energy  electrons  than  do  the  corre¬ 
sponding  fluoroethers. 

In  Substitution  of  H  by  F  atoms  in  both  of  the  fluor¬ 
oethers  and  fluorosulphides  substantially  increases  (by  two 
to  three  orders  of  magnitude,  the  magnitude  of  the  electron 
attachment  rate  constant.  Also,  the  number  and  relative  po¬ 
sition  of  the  F  atoms  in  the  molecule  strongly  affect  the  de¬ 
gree  of  rearrangement  and  subsequent  fragmentation  of  the 
transient  parent  negative  ion  The  transient  parent  anions  of 
fluoroethers  having  one  or  both  partially  fluorinated  methyl 
groups,  te  g..  CF,OCF:H  and  CF;HOCF;H|  extensively 
rearrange  themselves  and  multiply  fragment,  in  contrast  to 
the  transient  anions  of  the  molecules  CFjOCF,  and 
CF3OCH,  in  which  the  methyl  groups  contain  either  only  H 
or  only  F  atoms 

(iiii  Simple  molecular  orbital  calculations  have  shown 
that  m  the  case  of  the  fluorosulphides  CF,SCF,  and 
CF,SCH,  a  large  fraction  of  the  attached  electron’s  charge 
becomes  localized  to  the  S  atom,  thus  leading  predominantly 
to  the  formation  of  negative  ion  fragments  containing  S  In 
the  case  of  the  fluoroethers,  however,  no  such  localization  of 
the  extra  electron  to  any  particular  atom  was  indicated 

In  addition,  the  E.A  values  for  the  radicals  CF,0  and 
CF,S  have  been  determined  and  energetic  considerations 
were  employed  to  identify  possible  fragmentation  mecha¬ 
nisms  of  the  NISs  leading  to  the  production  of  all  observed 
lYagment  anions 

From  the  practical  point  of  view,  the  energy  depen¬ 
dence  of  kjE  /b  1  for  CFjOCF,  and  CF,SCF,  is  appropri¬ 
ate  for  gases  and  gas  mixtures  for  use  in  diffuse  discharge 
opening  switches  where  it  is  desirable  for  the  diffuse  dis¬ 
charge  to  have  high  conductivity,  and  thus  low  electron  at¬ 
tachment  during  the  conducting  state  lie,  low  £  /.V )  and  low 
conductivity  and  high  attachment  during  the  opening  stage 
lie.,  high  E/S Both  CF,OCF,  and  CFjSCF,  have 
high  uniform  field  breakdown  strength  equal  to  0.9^  and 
1 ,35K’  times  that  of  SF,..  respectively 
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Effect  of  temperature  or.  trie  aissociative  eiectror.  attachment  to  CC£F_ 
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ABSTRACT 


The  total  eiectror  at tachment  rate  constant,  k  for  CC£F  and  C  F 

3  3  2  6 

has  been  measured  using  an  eiectror.  swarm  technique  in  the  mean  electron 

energy  range  0.41  to  4.61  eV  and  over  the  range  of  temperature,  T,  from 

300  to  750  K.  At  each  value  of  T  the  total  electron  attachment  cross 

section  c  (t)  was  determined  from  the  measured  k  (<c>)  using  the  swarm 
3  3 

unfolding  technique  and  was  compared  with  the  results  of  a  mass 

spectrometr ic  study.  The  0  (e)  for  C-F,.  shows  a  single  peak  (due  to  F 

3  2  b 

and  CF^  )  which  shifts  from.  3.9  eV  at  300  K  to  ~3 . 3  eV  at  750  K.  (The 

onset  shifts  correspondingly  from,  2.3  to  1.5  eV .  )  For  CC£F_,  the  o  (e)  shows 

3 

two  peaks:  at  M . 5  eV  (due  to  C£  )  and  at  M . 7  eV  (due  to  C£  ,  F  , 

CCfF^  ,  and  C£F  ).  The  peak  at  M . 5  ev  is  especially  sensitive  to  changes 
in  T.  The  peak  v  hue  of  c '  (c)  increased  by  a  factor  of  •vS,  and  the  energy 
position  of  the  peak  arid  onset  shifted  to  progressively  lower  energies  when 
T  increased  from  300  to  70v  K.  The  analysis  of  these  results  led  us  to 
conclude  that  the  changes  in  k  (<£  ■)  and  o  (t)  for  the  dissociative 
attachment  processes  of  these  molecules  with  increasing  T  result  from 
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the  increase  with  T  cf  the  total  internal  vit rational;  energy  of  tne 
molecule 

1.  INTRODUCTION 

The  study  of  the  effects  of  temperature  on  electron  attachment  to 
molecules  is  of  intrinsic  as  well  as  of  practical  interest.  For  example 
in  many  cases  vibrational  and-'or  rotational  excitation  of  molecules 
affects  the  magnitude  and  the  energy  dependence  cf  the  cross  section  for 
dissociative  attachment  and  thus  the  accurate  determination  of  thermochei 
data  which  use  appearance  onsets  for  specific  dissociative  attachment 
anions.  Similarly,  such  knowledge  is  valuable  for  many  applied  areas 
which  employ  temperatures  higher  than  ambient  (e.g.,  combustion,  flames, 
circuit  breakers,  diffuse  discharge  switches,  etc.).  Previous  studies 
on  the  effects  of  temperature  or.  electron  attachment  processes  have  been 
reviewed  1 

In  this  paper  we  report  and  discuss  the  results  of  a  swarm  study  on 
the  effect  of  T  on  dissociative  electron  attachment  to  the  molecules 
CC£F  and  C_F  The  magnitude  and  the  energy  dependence  of  the  attachmei 
rate  constants  for  these  molecules  are  appropriate  for  diffuse  discharge 
switching  applications. 


II.  EXPERIMENTAL 

A.  Apparatus 

A  schematic  diagram  of  the  high  temperature  electron  swarm,  apparatu 

used  in  the  present  study  is  shown  in  Fig.  1.  The  basic  principles  of 

2  3 

operation  are  as  described  earlier.  ’ 


A  number  of  modifications  were  m, 


to  the  basic  design  tc  facilitate  the  measurements  at  higr.  gas  temperatures. 

In  contrast  to  our  other  swarm  apparatus,  the  swarm  chamber  was  made 
MOO  cm  long,  and  the  distances  of  the  two  end  flanges  from  the  middle  of 
the  chamber  are  ~50  cm.  To  avoid  leaks  at  the  flanges  when  heating  or  cooling 
the  region  around  the  flanges  was  water  cooled  and  was  kept  at  a  much  lower 
temperature  than  the  collision  region  (the  region  between  the  anode  and 
cathode;  see  Fig.  1).  This  arrangement  also  allowed  the  high  voltage  and 
signal  feedthroughs  to  be  kept  at  a  low  T.  Special  care  was  also  taken  in 
the  construction  of  the  long  supporting  stands  holding  the  anode  and  the 
cathode  (the  Cf^*"  alpha  particle  source  used  to  produce  the  electron 
swarms  by  the  energy  decay  of  the  alpha  particles  was  mounted  on  a  plate 
supported  on  the  cathode),  which  consist  of  a  stainless  steel  rod  with 
insulating  rods  at  its  two  ends. 

A  furnace  and  temperature  control  system  (0-1000°C,  resolution  1°C, 
Applied  Test  System,  Inc.)  was  used  to  heat  the  central  region  of  the 
chamber.  The  temperature  in  the  collision  region  was  measured  by  six 
thermocouples  (chromel-alumel ,  type  KX)  located  as  close  to  the  drift 
region  as  possible.  With  the  aid  of  two  independently  controlled  heating 
elements  embedded  in  the  insulating  walls  of  the  furnace,  the  gas 
temperature  between  the  electrodes  was  controlled  tc  within  1 -2°C. 

E.  Exp.erimer.tal  and  analytical  procedures 

The  experimental  procedures  for  the  electron  swarm  experiment  have 

2-4 

been  described  in  detail  previously.  In  the  present  study  the  chamber 

was  heated  to  the  desired  temperature  prior  to  the  measurements.  We  used 

Ar  and  N.  as  carrier  gases,  and  the  mixtures  of  the  attaching 

gases  under  study  with  either  Ar  or  contained  as  small  a  fraction 
-4  -6 

(10  to  10  )  of  the  attaching  gas  as  possible.  This  was  necessary  m 


order  tc  alleviate  or  reduce  the  influence  of  the  attaching  gas  on  the 

electron  energy  distribution  function  f(t.E/N)  of  the  pure  buffer  gas 

used  in  the  subsequent  analysis.  To  observe  and  to  correct  for  any  such 

influence,  the  measurements  were  performed  as  a  function  of  the  attaching 

gas  number  density  N  at  each  total  gas  number  density  N  .  When  k  depended 

3  t  3 

on  N  /N  (see  Section  III),  the  pressure- independent  k  was  determined  from 
at  a 

an  extrapolation  of  k  to  N  /N  -»  0.  Such  data  were  taken  at  each 
r  a  a  t 

temperature  at  which  measurements  were  made. 

The  buffer  gas  (quoted  purity  99.999%  for  N  and  99.9995%  for  Ar ) 
was  further  purified  by  fractional  distillation  in  the  liquid  nitrogen 
traps  (Fig.  1).  The  attaching  gas  samples  were  deoxvgenated  by  repeated 
f reeze-pump-thaw  cycles.  For  measurements  at  T  >  300  K,  the  attaching/ 
buffer  gas  mixture  was  prepared  in  a  separate  premixing  container  at 
room  temperature,  and  this  premixture  was  used  for  the  measurements. 

This  procedure  was  adopted  for  three  main  reasons:  (1)  to  eliminate 
problems  which  might  arise  from  a  nonuniform  T  over  the  large  volume  of 
the  swarm  chamber,  (2)  to  reduce  outgassing  problems  which,  especially 
at  high  T,  could  interfere  with  the  roeasureirients  at  low  attaching  gas 
number  densities,  and  (3)  to  avoid  the  problems  connected  with  the 
reduction  in  the  attaching  gas  pressure  observed  (Section  IIIA)  to 
occur  at  elevated  T. 

The  possible  sources  of  error  in  the  measurement  of  k  with  the 

a 

present  technique  have  been  discussed  in  Ref.  3.  The  total  uncertainty 
in  the  present  k  measurements  is  estimated  to  be  6-8%  except  for  the 
measurements  of  k  in  CC£F  at  the  lowest  <c>  which  were  more  uncertain 

d  j 

(Section  IIIA),  and  the  measurements  of  k  in  CC£F  at  T  >  600  K  which 

3  j 

were  also  characterized  by  larger  uncertainty  (Section  IIIA). 


Tne  measured  k  (E/NT)  [or  k  <<t>,T)j  were  used  to  determine 
a  a 

e. 

c  (c, T)  by  the  swarm  unfolding  procedure'  using  the  relation 

H  °° 

k  (<C>,T)  =  (  -  )  /  0  (t,T)  f(t,<t>,T)  dt  ,  (1) 

a  '  m  /  a 

o 

where  e  and  m  are  the  electron  energy  and  mass,  respectively.  The 
electron  energy  distribution  functions  f (£,<£>),  the  mean  electron 
energies  <£•> ,  and  the  electron  drift  velocities  w  in  Ar  at  the  higher 
temperatures  were  assumed  tc  be  those  at  room  temperature.3  For  , 
however,  this  assumption  is  not  valid.  In  this  case,  we  used  <£>  and  w 
values  obtained^  at  400  K. 

III.  RESULTS 

A.  Electron  attachment  rate  constants 

In  Figs.  2  and  3  are  shown  the  k  (<t>,T)  for  CC£F  and  C  F 

d  j  Zb 

respectively.  For  both  molecules,  the  measurements  at  the  highest  T 
were  limited  to  <c>  <  ~3 . 5  eV  due  to  corona  problems.  For  CCEF^  additional 
difficulties  arose  from  substantial  rapid  disappearance  of  CCilF^  at  high 
T  (see  later  in  this  section)  which  did  not  allow  measurements  above 
700  K.  All  measurements  were  performed  in  a  buffer  gas  of  Ar  except  for 
the  measurements  at  300  and  400  K  for  CC£F^  which  were  also  made  in 
(Fig.  2). 

At  each  value  of  T,  four  or  more  independent  sets  of  measurements 

19  -3 

were  made  over  a  range  of  from  2.25  to  9.66  *  10  cm  and  over  a 

14  -3 

range  of  from  0.7  to  7  x  10  cm  .  In  Figs.  4  and  5  are  shown 
typical  examples  of  the  dependence  of  k  (<t>)  on  the  ratio  N  /N  and  T 


for  CC£F_  and  C_F. ,  respectively.  For  all  <f  and  T  values  studied  the 
k_  was  obtained  for  N  /N  -  0.  arid  these  values  were  plotted  m  Figs.  2 

£  3  v 

and  3  and  are  listed  in  Tables  1  and  II. 

The  effect  of  the  attaching  gas  on  f (£.,<£>)  was  particularly  significant 
for  Ar  at  <i>  <  1  eV  and  resulted  in  a  greater  uncertainty  (>10%)  of  k 

£ 

ir*  this  energy  region.  To  completely  remove  this  effect,  the  ratio 

-6 

N  /N  must  be  <10  ;  this,  however,  was  not  possible  for  CC£F„  because 

at  j 

of  the  low  maonitude  of  its  k  at  low  <£>.  This  is  the  reason  vhv  our 

a 

measurements  of  k  in  Ar  for  CC£F.,  at  300  and  400  K  do  not  extend  to  as 
a  3 

low  values  of  <t>  as  at  the  higher  T.  The  fact  that  the  measured  k  (<£>) 

£ 

in  Ar  are  lower  than  those  in  (see  Fig.  2)  may  be  attributed  to  the 
effect  of  the  attaching  gas  on  the  f(c,<t>)  of  pure  Ar ,  although 
uncertainties  m  the  determination  of  <£>  in  could  also  contribute  to 
this  discrepancy.6  For  CC£F3  the  k^(<t>)  were  independent  of  time  (following 
the  introduction  of  the  mixture  into  the  swarm  chamber)  for  T  5  500  K 
but  decreased  progressively  with  time  at  T  >  500  K.  This  may  be  attributed 
to  the  disappearance  of  CCiF^  via  reactions  with  the  stainless  steel 
walls  of  the  hot  chamber  and/or  via  thermal  decomposition  into  nonelectron 
attaching  species.  Due  to  the  rapid  decrease  with  time  of  the  kg  for 
C  C  £  F  _  at  T  ^  600  K,  the  following  procedure  was  adopted  for  the  measurement 
of  k_  for  this  molecule.  A  premixture  of  CC£F  with  Ar  was  prepared  in 

Q 

a  container  at  room  temperature  and  was  introduced  into  the  hot  chamber ; 

a  series  of  k  measurements  as  a  function  of  time  for  a  number  of  E/N 
a 

values  were  then  conducted.  From  a  plot  of  kg  versus  time  for  each  E/N, 

the  value  of  k  for  that  E/N  was  obtained  for  t  =  0  (i.e.,  the  time  the 
£ 

premixture  was  introduced  into  the  chamber).  The  chamber  was  subsequently 
evacuated,  a  new  quantity  of  the  premixture  was  introduced  into  the 


chamber,  and  the  measurements  were  repeated  for  another  range  of  E/N 
values  This  method  gave  reliable  data  (uncertainty  <10%)  for  T  i  600  K 
but  less  reliable  data  (uncertainty  10-20%)  for  700  K  because  of  the 
more  rapid  decrease  of  k^  at  the  latter  temperature. 

B.  Swarm  unfolded  cross  sections 

The  k  (<t>)  measurements  presented  in  the  previous  section  were 

cl 

unfolded  to  obtain  the  total  electron  attachment  cross  sections  o  (c). 

a 

These  are  plotted  in  Figs.  6  and  7  for  CC£F  and  C  F  respectively . 

3  Z  b 

The  magnitude  of  the  cross  section  for  C  F  does  not  change  appreciably 

C.  D 

by  increasing  T.  However,  the  peak  position  of  the  resonance  and  the 
appearance  onset  shift  to  lower  energies  by  more  than  0.6  eV  when  T  is 
raised  from:  300  to  750  K.  The  full  width  at  half  maximum  (FWHM)  of  the 
resonance  also  increases  from  1.6  eV  at  T  =  300  K  to  2.0  eV  at  T  =  750  K. 

The  present  room  temperature  o  (e)  [and  k  (<£>)]  data  compare  well 

d  3 

with  those  of  Ref.  3 

The  effect  of  T  on  the  electron  attachment  to  CCEF^  is  more  profound. 
The  magnitude  of  the  low-energy  peak  in  o  (e)  [or  k  (<e>)]  increases  by 
a  factor  of  ''-3,  and  its  position  shifts  from  1.55  to  1.1  eV  when  T  is 
increased  from  300  to  70C  K.  The  appearance  onset  shifts  to  0  eV  when  T 
is  raised  from  300  to  40C  K.  On  the  other  hand  the  magnitude  and  position 
of  the  high  energy  peak  are  not  noticeably  affected  by  the  changes  in  T 
in  the  range  studied. 

C  Electron  beam  studies,-  comparison  of  electron  swarm  and  electron  beam 
data 

The  CC£F-  and  C  F  molecules  were  also  studied  in  a  time-of-f light 
3  Zb 

mass  spectrometer  (TOFMS ) .  For  C  F  two  main  negative  ions,  F  and 

2  b 


Cl.  were  observed,  with  attachment  cross  sections  having  relative  peak 

intensities  3:1  and  peaks,  respectively,  at  3.9  and  4  eV .  These  results 

7 

have  beer,  reported  earlier.  In  Fig.  8  the  present  room  temperature 
swarm  unfolded  a  (e)  is  compared  with  the  normalized  total  attachment 

3 

cross  section  of  the  TOF  study. ‘  The  agreement  of  the  peak  position. 

the  FWHK.  and  the  onset  of  the  resonance  as  obtained  in  the  two  experiments 

is  satisfactory  considering  the  overall  uncertainty  in  the  two  experiments. 

The  nonunfolded  and  unfolded  (see  Ref.  7)  relative  cross  sections 
as  a  function  of  z.  for  the  four  anions  Ci  ,  F  ,  C£F  ,  and  CC£F^  observed 
for  CC£F_  are  shown  in  Figs.  9(a)  and  9(b),  respectively.  The  relative 
peak  intensities,  energy  of  maximum  ion  intensity,  FWHM ,  and  appearance 
onset  of  these  anions  are  listed  in  Table  HI,  where  a  comparison  is 
made  with  the  literature  data.  With  a  few  exceptions,  the  agreement 

g 

between  the  present  beam  results  and  those  of  lllenberger  et  al.  is 

good.  lllenberger  et  al.  reported  the  magnitude  of  the  second  pea^  in 

the  Ci  cross  section  to  be  'vlO  times  larger  than  that  of  the  first 

peak.  The  present  beam  and  swarm  results,  as  well  as  the  beam  results 

9 

of  Verhaart  et  al.,  indicate  that  the  first  C£  resonance  process  has  a 
higher  cross  section  than  the  second.  The  0.7  ±  0.3  eV  onset  leading  to 
Cl  formation  measured  by  lllenberger  et  al .  is  higher  than  the  *^0 . 3  eV 
onset  we  determined.  However  the  0.3  eV  value  was  not  reproducible  as 
it  depended  on  the  electron  source  condition  and  filament  temperature 
and  most  likely  corresponds  to  a  T  higher  than  ambient  (see  below). 

_  g 

Finally,  the  3.9  eV  peak  for  C£F  measured  by  lllenberger  et  al .  is 
lower  by  MD.8  eV  compared  with  the  4.7  eV  value  of  the  present  work  (the 
appearance  onset  for  this  anion  was  found  by  both  studies  to  be  the 
same).  The  4.7  eV  value  seems  to  be  more  consistent  with  the  grouping 


of  the  resonance  maxima  of  all  anions  observed  for  CCiF^  at  4  5  t  0.2  eV 
{ see  Fig .  9(b)]. 

In  Fig.  10  we  compare  the  room  temperature  total  swarrr  unfolded 
o  (c)  and  the  beam  total  relative  electron  attachment  cross  section  for 

A 

CC£F,,  the  latter  has  been  normalized  to  the  high-energy  peak  (at  ^5  eV) 
of  the  swarm  unfolded  o  (t).  The  beam,  cross  section  (at  tne  low-energy 

d 

peak)  is  broader  and  its  onset  lies  at  lower  energies  compared  with  the 
swarm  data;  actually,  it  is  in  better  agreement  with  the  400  K  swarm 
unfolded  cross  section  (Fig.  6),  which  may  indicate  that  the  temperature 
in  the  collision  region  of  the  TOFMS  is  higher  than  ambient  due  to 
heating  caused  by  the  filament.  The  difference  in  the  relative  magnitude 
of  the  two  peaks  as  determined  from  the  beam  and  the  swarm,  experiment 
may  result  from  mass  discrimination  or  discrimination  due  to  excess 
kinetic  energy  of  the  dissociative  attachment  fragments  in  the  beam 
experiment . 

IV.  DISCUSSION 

A.  Energetics  of  dissociative  electron  attachment  processes 

Before  discussing  the  effect  of  T  on  the  electron  attachment  process 
for  CC£ F _  and  C  F  ,  it  is  worth  considering  the  energetics  of  these 
processes.  In  Table  IV  are  summarized  possible  fragmentation  processes 
along  with  their  heats  of  reaction  leading  to  the  formation  of  the  four 
fragment  anions  we  observed  in  low-energy  electron  impact  with  CCfF^. 

■A 

In  the  last  column  of  the  same  table  are  listed  the  excess  energies,  E  , 
of  some  of  the  proposed  reactions  and  the  electron  affinities,  EA .  of 
the  radicals  C£F  and  CCEF^-  These  are  compared  with  the  literature  data 
whenever  available.  All  quantities  were  determined  as  described  in  the 


footnotes  of  Table  IV  using  appropriate  energy  balance  equations.  For  a 
reaction  of  the  font 

e  +  RX  — ►  R  ♦  x"  (2) 

these  energy  balance  equations,  if  we  neglect  any  initial  internal 
excitation  of  RX,  are 

AH  =  AH,(R )  +  AH,(X>  -  EA(X)  -  AH  ,.  ( RX  )  ,  (3) 

r  i  i  i 

—  ★ 

AO(X  )  =  AH  *  E  ,  (4) 

AO(X')  =  D(R-X)  -  E (AX)  +  E*  ,  (5) 

where  AH^  is  the  heat  of  the  reaction,  AH^(R),  AH^(X) ,  and  AH^(RX)  are 

the  heats  of  formation  of  R,  X,  and  RX ,  respectively,  EA(X)  is  the 

electron  affinity  of  X,  AO(X  )  is  the  appearance  onset  of  X  ,  D(R-X)  is 

* 

the  bond  dissociation  energy  of  RX,  and  E  is  the  excess  energy  of  the 

reaction  comprised  of  the  internal  energy  of  excitation  and  the  total 

translational  energy  of  the  fragments.  A  similar  analysis  for  C  F  can 

c  o 

be  found  in  Ref .  7 . 

B  Temperature  dependence  of  electron  attachment 

From  the  results  presented  m  Section  III  it  is  clear  that  for  both 

CCjS'F.  and  C  F  the  temperature  affects  considerably  both  k  (<t>)  and 
j  2  6  a 

o  (f.)  As  T  increases,  k  (<£>)  increases,  and  this  increase  is  progressive 

9  d 

larger  at  lower  energies  (Figs.  2  and  3).  For  o  (e)  the  effect  of  T  can 

a 

be  summarized  as  follows:  As  T  increases,  the  energy  position  of  the 
resonance  maximum  (for  CCfF^  we  refer  to  the  low-energy  peak)  and  the 
appearance  onset  decrease  (see  Fig  11),  while  the  resonance  width 


(Fig.  11)  and  the  magnitude  of  the  cross  section  (Figs,  fc  and  7)  increase. 

This  behavior  is  analogous  to  the  one  observed  for  anions  produced  from 

dissociative  attachment  to  diatomic  molecules.1  In  the  case  of  0  from 

1  18 

O  the  effects  of  increasing  T  on  o  (£)  were  attributed  '  to  the 

2  3 

population  of  higher  vibrational  levels  and  the  high  sensitivity  of 
o  (t)  to  the  range  of  nuclear  motion.  Thus,  it  can  be  shown  that 

d 

dissociative  attachment  to  vibrationally  excited  0^  molecules  results  m 
a  broadening  of  the  Franck-Condon  region  [which  increases  the  FWHM  of 
a  ( £  )  ]  ,  a  decrease  in  £  (the  energy  at  which  o  (t)  peaks]  and  AO,  and 

3  msx  3 

an  increase  in  the  magnitude  of  o  (c)  resulting  from  the  increase  m  the 

3 

survival  probability  of  0^  with  increasing  vibrational  quantum  number. 

1  19  20 

Subsequent  studies  '  on  0^  and  other  diatomic  molecules  (e.g.,  , 

HC£ ,  HF )  confirmed  the  dominant  effect  of  vibrational  excitation  on 

o  (c)  and  the  relatively  small  effect  of  rotational  excitation, 
a 

Similar  arguments  can  be  advanced  concerning  the  effect  of  increased 

internal  energy  of  a  polyatomic  molecule  with  increasing  T  on  its  electron 

attachment  properties,  although  the  situation  for  polyatomic  molecules 

i..ay  be  more  complex  because  of  their  large  number  of  vibrational  degrees 

of  freedom.  Nevertheless,  the  present  study  on  polyatomic  molecules 

1 6  “  2  r> 

shows  th* t - -consistent  vitr.  the  findings  on  the  diatomic  molecules 
the  effects  of  T  on  k  (<£>)  and  c  (t)  can  be  understood  in  terms  of  the 

3  3 

increase  in  the  total  vibrational  energy  of  the  molecule  with  increasing 
T . 

In  Fig.  11  are  plotted  the  energy,  c  ,  at  which  o  (£)  peaks,  the 

ID  3X  3 

appearance  onset,  AO,  of  0  (e),  and  the  FWHM  of  0  (t)  for  C  F  as  a 

3  3  2  6 

function  of  T.  These  quantities  are  listed  in  Table  V.  If  we  assume 
that  the  linear  dependence  of  c  and  AO  on  T  seen  in  Fig.  11  continues 


to  7  -  -  K  a  linear  least  square  fit  to  the  data  m  Fig  12  aivez  a 

value  of  4  3  eV  for  t  and  a  value  of  2.61  eV  for  AG  at  7  =  0  K 

max 

Similarly,  by  a  linear  least  square  extrapolation,  AO  -»  G  eV  when 

T  -*  'v  1 6 0 C  K  and  (  4  0  eV  when  T  -*  M200  K  (see  Table  V).  The  value 

max 

£  =  4.3  eV  at  7  =  0  K  gives  the  energy  difference  between  the  neaative 

max 

ior.  state  from  the  ground,  v  =  0.  vibrational  level  of  the  neutral  state 

at  the  equilibrium  distance  of  the  latter.  This  is  the  energy  close  to 

which  c  (r  )  would  peak  if  all  the  C„F.  molecules  were  in  the  v  =  0 
a  u  b 

level.  Ir.  this  case  the  value  AO  would  be  2.61  eV  instead  of  2.3  eV  as 

observed  at  room,  temperature.  The  finding  that  AO  =  0  eV  at  T  -  160C  K 

would  imply  that  at  this  value  of  T  the  internal  energy  of  the  molecule 

is  such  that  even  zero-energy  electrons  can  be  attached  to  C„F  and  thus 

2  b 

reach  the  negative  ion  state.  For  this  to  be  so,  large  amounts  (M  eV , 

-  "7 

since  F  and  CF^  from  C„F&  cannot  be  produced  at  energies  <  M.8  eV') 
of  energy  are  required. 

These  findings  can  be  rationalized  in  a  way  similar  to  that  adopted 
for  electron  attachment  to  hot  diatomic  molecules,  namely,  as  attachment 
of  thermal  energy  electrons  to  C  F  molecules  in  vibrational  levels  v 

C.  b 

lying  at  M.8  eV.  Although  the  fraction,  N  .  of  C.F.  molecules  excited 

v  2  6 

to  these  high-lying  vibrational  levels  is  very  small  (MO  fc)  compared  tc 

that  N, .  of  C_F,  molecules  in  the  v  =  0  level,  the  cross  section,  o 
v  2  b  v 

for  thermal  electron  attachment  to  C^F^  (v  =  1.8  eV)  can  be  much  larger 
than  that,  oQ ,  for  attachment  of  an  electron  of  energy  M.8  eV  to  the 
C  F  (v  =  0)  molecule,  such  that  N  o  .  £  N  o  Alternatively,  since 

is  a  polyatomic  molecule,  let  us  consider  the  total  average  internal 
energy  of  the  molecule  which  we  assume  to  be  principally  the  vibrational 
energy  of  the  molecule.  Let  us  further  assume  that  as  T  increases  each 


normal  vibrational  mode  is  excited  by  an  equal  probability  and  that  tne 


total  internal  energy  <t>  of  the  molecule  is  the  sum  of  the  energy  ir. 

**  int 

the  various  normal  modes  x,  viz.. 


<c> 


int 


=  E  E 

x=l  v=C 


V  ,  X 


( t  ■ 


In  Eq.  (6)  N  are  the  normal  modes  (3n-6  for  a  nonlinear  molecule  with  n 
atoms,  including  degenerate  modes),  ^  =  (v  *  1  ‘2  ■  hv  are  the  vibrati 
energies  of  the  normal  mode  x  in  the  v  =  0 , 1 , 2 ...  levels ,  and  are  the 
corresponding  Boltzmann  factors  defined  for  each  x  by 


B 

v 


-t  /kT 
v 
e 


Or 


E 

v=0 


-t  /kT 
v 

e 


r > 


We  used  expressions  (6)  and  (7)  and  determined  <0  .  .  (T)  for  C  F,  usina 

int  2  6 

the  values  of  v^  reported  in  Ref.  21.  These  are  listed  m  Table  V. 

The  <t> .  at  T  =  0  K  is 
int 


x=i 


0.790  eV 


(6 


l .  e .  ,  is  eg-  ,  1  ♦  c  t  h?  t-  -in  of  th*  zero-point  enerc.es  of  all  K  r.c  rr.al 

modes.  At  T  =  1610  K  (i  .e.,  at  the  temperature  for  which  AC  -*  C  eV  ■ 

<-L>  .  is  equal  to  ^2.6  eV  (when  including  <t  ■  )  or  M.6  eV  (when  *-t  ■ 
int  z  z 

is  excluded).  The  agreement  between  the  two  values  |i.e  the  value 

(=  ~1.8  eV )  of  <t>  .  .  when  AP  -»  0  eV,  and  the  minimum  (-1.6  eV )  energy 
int 

required  for  dissociative  attachment]  is  most  interesting.  It  indicates 


that  the  internal  vibrational  er.erg  a 4'  t  *  -  r  *•  a:  :*  t  r  ar.e  f  e  r  red 

froir.  one  mode  tc  another  very  e  f  f  :  c  a  :  t  *  :  ated  ir.  a 

particular  (critical)  mode  leading  tc  t  r.*  r  »-a  *  . .  :  ‘  a;  unm- iecular 

22 

reaction  theory  asserts,  it  a»s:  md. rater  t?a‘  t  r  *  r  s  internal 

energy  is  predominantly  vibrational  and  tr.a*  a.,  t  re  v  it  r  at :  ••:.a  1  energy 
can  be  used  in  the  dissociation  process 


Finally,  in  Figs.  12(a)  and  1 2 ( t  .  are  show:,  exarrp.es  c i  the  traditiona 

plots  of  loa  k  versus  Z  *  for  a  r.urier  of  *  i  •  for  CCiF.  and  C.F 
a  o  c  t 

respectively.  It  is  seen  that  these  car.  be  fatted  to  a  straigr.t  line 
only  for  a  portion  (T  2  500  K)  of  the  T  range  investigated.  The  k  (<£■>, T) 
data  at  T  2  500  K  have  been  fitted  with  the  expression 


(<£•>,  T )  =  C(<t>) 


-D(<e>)/kT 


and  values  of  D(<e>)  were  obtained.  In  Fig.  13  are  shown  D(<t>)  for 

C  F  .  Two  observations  are  pertinent:  (1)  the  low  values  of  D  and 
Z  fc 

(2)  the  convergence  of  D  to  RT^qq  as  <e>  -*  AO^qq  (  =  2.3  eV).  Both  are 

consistent  with  the  dominant  effect  of  vibrational  excitation  on 

dissociative  attachment  which  is  further  demonstrated  by  the  similarity 

of  the  k  versus  T  1  and  (<c>  -  <c>  )  versus  T  1  functions  shown  in 

a  int  z 

Fig  14. 


VI .  SUMMARY  AND  CONCLUSIONS 

The  effect  of  temperature  on  dissociative  electron  attachment  to 

the  molecules  CC£F  and  C  F  was  studied  using  a  high  temperature  swarm 
o  Zb 

apparatus.  This  effect  was  found  to  be  more  profound  for  CCfF.  than  for 

C.F,.  The  k  (<6>)  and  o  (c)  for  CC£F.  are  smaller  than  those  of  C.F, 

2  6  a  a  5  2  6 


ar<d  also  lie  at  lower  energies.  This  study  confirm  previous  fir, dings' 
that  the  enhancement  of  dissociative  electron  attachment  with  increasing 
T  is  more  significant  when  the  room  temperature  o  ( t  )  is  small,  and  when 

3 

the  result  of  the  heating  of  the  molecule  shifts  the  dissociative  attachment 
resonance  to  an  energy  range  close  to  G  eV 

The  enhancement  of  dissociative  attachment  by  increasing  T  was 
understood  as  the  result  of  vibrational  excitation  cf  the  molecule. 

Evidence  was  presented  that  the  excitation  energy  from  the  various  modes 
of  the  molecule  can  be  transferred  from  one  mode  tc  the  rest  arid  be 
utilized  for  the  energetics  of  the  dissociative  attachment . 
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TABLE  1 

.  Electrc 

•  r.  attachment 

rate  constants  k 

a 

for  CC£F 

_  in  a 

j 

buffer 

8a: 

of  argon  as.  a 

function  of 

E  N , 

■ ,  and 

T  . 

k  (10 
a 

-11 

cc 

3  -1  . 

£  ) 

T(K  J 

<l> 

V 

E./N 

T  =  300 

K  T  =  300 

K  300 

400 

500 

550 

600 

700 

•16  2, 

\  ctt.  J 

(eV; 

(10”*  CtL  £ 

-1! 

0.217 

0.412 

1.097 

4.20 

0.311 

0.473 

1.200 

5.80 

0.373 

0.509 

1.258 

3.60 

7.00 

0.466 

0.559 

1.335 

3.40 

4.50 

8.20 

0.528 

0.59C 

1.38 

2 . 80 

3.80 

5.00 

9.10 

0.621 

0.634 

1.44 

3.30 

4.60 

5.80 

10.03 

0.777 

0.702 

1.53 

4.20 

5.50 

7.00 

11.80 

0.932 

0.764 

1.61 

3.20 

5.00 

6.60 

8.20 

12.70 

1.09 

0.822 

1.68 

3.76 

5.60 

7.50 

9.20 

13.10 

1.24 

0.876 

1.75 

4.20 

6.30 

8.10 

9 . 8u 

13.30 

1.55 

G .  976 

1  .87 

3 . 43 

5.0m 

7.05 

9.15 

10.64 

13.  U 

1.86 

1 .068 

1  .95 

3.88 

5.52 

7.50 

9.55 

10.76 

13.44 

2.17 

1 . 15 

2.03 

4.07 

5.76 

7.60 

9.60 

10.76 

13.30 

2.49 

1.23 

2.10 

4.16 

5.85 

7.60 

9.58 

10.70 

13.00 

3.11 

1.37 

2.22 

4.22 

5.81 

7.46 

9.30 

10.30 

12.20 

3.73 

1.50 

2.33 

4.20 

5.62 

7.08 

8.75 

9.80 

11.60 

4.66 

1.67 

2.46 

4.04 

5.31 

6.60 

8.05 

9.10 

10.90 

5.28 

1.77 

2.54 

3.95 

5.12 

6.38 

7.75 

8.76 

10.50 

6.21 

1.92 

2.64 

3.89 

5.00 

6.15 

7.40 

8.30 

10.00 

TABLE  II.  (Continued) 


.  ,  -10  3  -  3  . 

k  (10  cm  s 
a 

T(K) 


E/N 

-is  v 

l  V  cm  ) 

<£> 

T  =  300  K 

(eV) 

w 

T  =  300  K 
(10^  cm  s  *) 

300 

400 

500 

570 

650 

31 . 1 

4.26 

3.99 

5.52 

5.58 

5.66 

5.92 

6.12 

34.2 

4.43 

4.18 

5.38 

5.44 

5.5 

5.74 

5.94 

37.3 

4.58 

4.38 

5.23 

5.30 

5.35 

5.56 

5.77 

40.4 

4.71 

4.62 

5.10 

5.16 

5-24 

5.40 

5.62 

43.5 


4.81 


4.90 


5.01  5.06  5.10  5.29 


5.53 


these  measurements  an  electron  transmission  experiment  was  used. 


TARLF.  IV.  Possible  dissociative  attachment  processes  leading  to  the  formation  of  the 
various  anions  observed  for  CCPF^  and  deduced  thermochemical  data 


values  given  in  footnote 


TABLE  V.  Values  of  £  ,  AO,  and  FWHK  for  the 

max 

o  (c)  of  C-F,  and  <*(.■>  for  C„F  as  a 
a  ^  b  int  2  fc 

function  of  T. 


T 

(K) 

a 

£ 

max 

(eV) 

A0a 

(eV) 

FWH«a 

(eV) 

<e>.  b 

int 

(eV) 

0 

4.3C 

2 . 81 C 

0.790d 

300 

3.9 

2.3 

1  .6 

0.897 

400 

3.75 

2 . 1 

1.65 

0.982 

500 

3.6 

1  .95 

1.7 

1.084 

570 

3.5 

1.8 

1.75 

1.162 

fc  50 

3.4 

1.7 

1.82 

1 .258 

750 

3.3 

1 .  5 

2.0 

1.385 

1610 

o.oc 

2.607 

3170 

o.oc 

4.972 

a 

£ 

max 

AO ,  and 

FWHM  are , 

respectively , 

the 

energy  position  of  the  resonance  maximum,  the 
appearance  onset,  and  the  full  width  at  half 
maximum!  of  the  o  (t)  for  C  F  at  the  respective 

rf  A  £.  D 


is  the  total  average  vibrational  energy 

of  the  molecule  calculated  as  described  in  the 
text . 

c 

Extrapolated  values  assuming  that  the  behavior 
in  Fig.  11  holds  in  the  entire  T  range  0  to 
~3200  K. 

d_ 

Zero-point  energy  determined  from  Eq.  (8) 

(see  text )  . 


FIG.  1.  Schematic  diagram,  of  the  high  temperature  electron  swart,  apparatu 
employed  in  the  present  study. 

FIG.  2.  Total  electron  attachment  rate  constant  k  as  a  function  of  the 

a 

mean  electron  energy  for  CCOF^  at  temperatures  300,  400,  500,  550, 
600,  and  700  K. 


FIG.  3.  Total  electron  attachment  rate  constant  k  as  a  function  of  the 

a 

mean  electron  energy  <t>  for  C  F,  at  temperatures  300,  400,  500,  570, 

l.  b 

650,  and  750  K. 


FIG.  4.  The  electron  attachment  rate  constant  k  for  CC£F,  as  a  function 

a  3 

of  the  ratio  N  /N  of  the  attaching  gas  number  density  N  to  the  total 
at  d 

gas  number  density  for  a  number  of  <e>,  T,  and  . 


FIG.  5.  The  electron  attachment  rate  constant  k  for  C„F, 

a  2  6 

of  the  rato  S  /S  of  the  attaching  gas  number  density  N 

3  t  3 


gas  number  density  for  a  number  of  <c- ,  T.  and  N  . 


as  a  function 
to  the  total 


FIG.  6  Swarm  unfolded  total  electron  attachment  cross  section  o  (c)  as 

3 

a  function  of  e  for  CCiF^  at  300,  400,  500,  550,  600,  and  700  K  obtained 
from  measurements  of  k  (<c>)  in  Ar. 

3 


FIG.  7.  Swarm  unfolded  '  otal  electron  attachment  cross  section  o  (c)  as 

a 

a  function  of  t  for  C_F,  at  300,  400,  500,  570,  650,  and  75C  K  obtained 

c.  b 

from  measurements  of  k  (<c>)  in  hr. 

a 


FIG.  B,  Comparison  of  the  swarm  unfolded  total  attachment  cross  section 
o  (c)  for  C  F  at  T  =  300  K  with  the  total  relative  cross  section  for 

d  2  6 

negative  ion  production  obtained  in  the  electron  beam,  study. 

FIG.  9.  Negative  ion  intensity  as  a  function  of  t  for  CCfF^  measured  in 
a  time-of- flight  mass  spectrometr ic  study.  (a)  Nonunfolded  data, 

(b)  unfolded  data  (note  the  multiplication  factors ) . 

FIG.  10.  Swarm  unfolded  total  attachment  cross  section  0  (t)  for  CC£F_ 

a  3 

at  T  =  300  K  in  comparison  with  the  relative  total  negative  ion  cross 

section  measured  in  a  beam  study  (Fig.  9).  The  beam  relative  cross 

section  was  normalized  to  the  high-energy  peak  (at  ~5  eV)  of  the  swarm 

unfolded  o  (c ) . 

a 

FIG.  11.  Energy  position  of  the  resonance  maximum  e  ,  the  appearance 

nax 

onset  AO,  and  the  full  width  of  half  maximum  FVHM ,  of  the  o  (e),  as  a 

a 

function  of  T  for  C  F  . 

2  6 

FIG.  12.  Electron  attachment  rate  constant  k^  versus  1/T  for  a  number  of 

mean  electron  energies  <t> .  (a)  CC£F  and  (b)  C  F  . 

3  2  6 

FIG.  13.  Plot  of  the  activation  energy  D  versus  <e>  un  dissociative 

electron  attachment  to  C  F  .  The  broken  line  designated  by  kT__  is  the 

2  6  300 

value  of  kT  at  T  =  300  K. 

FIG.  14.  Total  attachment  rate  constant,  kg ,  at  the  mean  electron  energy 
<c>  -  1.5  eV  and  the  average  internal  energy  (excluding  the 

zero-point  energy  <£>z)  versus  T  1  for  C^F^  (see  text  for  discussion). 
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